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ABSTRACT' 
When the head was cooled for 30 minutes, sublingual 
temperature fell by as much as 4.45°C below oesophageal 
which remained steady. Insulation of the head prevented 
this local cooling. There was an increased flow of cold 
parotid saliva when the head was exposed to cold and this 
appeared to be the major factor which depressed sublingual 
temperature. The estimation of deep body temperature from 
sublingual readings is meaningful only if precautions are 
taken to prevent local cooling of the head. 
Local cooling has been shown to depress temperature 
measured from the external auditory canal. A portable 
device (The Zero Gradient Aural Thermometer) was developed 
and used to measure external auditory canal temperature 
keeping the outer ear, monitored by a second thermistor, 
at the same level as the canal by servo-controlled heating. 
Measured in this way, aural temperature was always within 
0.35°C of oesophageal under a variety of thermal stress. 
Rates of fall of deep body temperature in 28 children 
swimming in cold water correlated highly with overall sub- 
cutaneous fat thickness and a higher' correlation was obtained 
when allowance was made for differences in surface area/mass 
ratios. Young swimmers who were thin and with high surface 
area/mass ratios were shown to be at considerable risk from 
death due to hypothermia when swimming in water as warm as 
20.30 C. Differences in fat distribution had a small effect 
on cooling rates. 
Cooling in air at 10°C, women generally had greater falls 
in deep body temperature than men even allowing for differences 
in surface area/mass ratio and subcutaneous fat thickness. 
This was mainly due to a smaller metabolic response to cold 
in the women. 
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INTRODUCTION 
These experiments were designed to compare cooling 
rates of men, women and children. Studies were made in 
both water and air. Investigation of deep body tempera- 
ture requires a suitable site for its estimation and a 
large part of the present study was taken up in assessing 
the most suitable method for the studies planned. Measure- 
ments should not be affected by local factors and should 
reflect rapidly and quantitatively changes in arterial 
blood temperature which affect the central, hypothalamic 
temperature receptors (Cooper, Cranston and Snell, 1964). 
Oesophageal temperature measured at heart level para- 
llels rapid changes in aortic blood temperature closely 
and is usually within 0.2°C of this temperature (Cooper 
and Kenyon, 1956; Hercus, Cohen and Bowring, 1959). 
Oesophageal temperature is therefore the most informative 
measure of deep body temperature. However, oesophageal 
probes are often difficult to insert in conscious subjects 
and may precipitate ventricular fibrillation in hypothermia 
(Keatinge, 1969). 0 
Rectal temperature lags behind arterial blood tempera- 
ture when this is rapidly changing (Mellette, 1950) and 
readings may vary by up to 10C depending on the position 
of the probe in the rectum (Mead and Bonmarito, 1949). 
Nevertheless, rectal temperature parallels changes in 
oesophageal when these are slow. 
Urine temperature (Simpson, 1971; Fox, Woodward, Fry, 
Collins and MacDonald, 1971) probably has a similar lag 
to rectal and has the disadvantage that it can only be used 
for spot readings at irregular intervals. 
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The radio pill (Fox, Goldsmith and Wolff, 1962) 
moves along the alimentary canal and it is likely that 
local differences in heat production and loss will affect 
absolute values as well as response times. To recover 
the pill, the faeces have to be examined and many pills 
are lost at great expense. 
The transcutaneous temperature meter (Fox and Soloman, 
1971) is likely to be unreliable in cold conditions when 
there is vasoconstriction of the skin. 
The mouth may be cooled both internally and 
externally by air (Pembrey, 1898) and the value of sub-. 
lingual temperature measurements in cold climates has 
recently been questioned because with peripheral vasocon- 
striction, the mouth may behave as the body periphery 
underestimating deep body temperature (Fox, Woodward, Fry, 
Collins and MacDonald, 1971). The mouth is-an inconvenient 
site to continouusly monitor temperature because. expired 
air collections cannot be made and the subject is-unable 
to talk. 
Like oesophageal, tympanic membrane thermometry is 
uncomfortable to many subjects but it estimates deep body 
temperature closely in warm surroundings (Benzinger, 1959). 
However, tympanic temperature can be affected by local 
cooling (Nadel and Horvath, 1970) and it is difficult to 
maintain the probe in contact with the membrane. 
The auditory canal site is more comfortable than the 
tympanic and although parallels changes in oesophageal 
closely with little lag, there is a large gradient of 
temperature along the canal which is increased with local 
cooling rendering absolute temperature levels in the canal 
of little value (Cooper, Cranston and Snell, 1964; Greenleaf 
and Castle, 1972). Insulation of the head reduces local 
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cooling (Bradbury, Fox, Goldsmith and Hampton, 1964) but 
cannot prevent it. in time and this insulation may be 
uncomfortably heavy for the head to support. 
The insulation of subcutaneous fat helps to maintain 
deep body temperature in cold air (Swift, 1932; Baker and 
Daniels, 1955-6) and is particularly important during 
immersion in cold water (Carlson, Hseih, Fullington and 
Elsner, 1958; Keatinge, 1960) when external insulation 
is minimal. 
The fall in rectal temperature of young men sitting 
still in water at 15°C is linearly related to the reci- 
procal of their subcutaneous fat thickness (Keatinge, 
1960). This is the expected relationship if the skin 
and subcutaneous fat were acting as inert insulation, 
other things being equal. 
Exercise by men immersed in water increases falls 
in rectal temperature in water at 5 and 15°C, has little 
effect in water. at 25°C and causes a rise of rectal 
temperature in water at 35°C (Keatinge, 1959,1961). 
There is an increase in muscle blood flow as well as 
metabolic rate in exercise and heat loss is greater with 
the higher temperature difference between body core and 
water, the heat production being similar in the different 
water temperatures. 
There is little sex difference in amount and distri- 
bution of subcutaneous fat before puberty and then women 
generally lay down more subcutaneous fat than men, mainly 
on their legs. Children generally have less subcutaneous 
fat than adults (Edwards, 1951). 
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Women channel swimmers (Pugh and Edholm, 1955) and 
Korean diving women (Rennie, Covino, Howell, Song, Kang 
and Hong, 1962) are fat but differences between males 
and females exercising in cold water have not been studied. 
Rates of cooling of children swimming in cold water have 
not been determined perhaps because of difficulties in 
arranging such swims under controlled conditions and in 
measuring their deep body temperature. Nor is it known 
whether differences in distribution as well as amount of 
subcutaneous fat influence cooling rates while swimming 
in cold water. 
The lower conductance of subcutaneous tissues for 
women compared with men in cold air is due to the greater 
thickness of subcutaneous fat in the women(Hardy and Du 
Bois, 1940). In another study (Buskirk, Thomson and 
Whedon, 1963) where men and women were exposed to cold 
air, wide individual differences in response to cooling 
occurred and no sex difference was demonstrated. In the 
1940 study, results from 4 women were given and compared 
with results from 3 women and 4 men obtained on a previous 
occasion and not quoted. In the 1963 study, 13 men and 
2 women-were subjects. 
" Because of the paucity of information on cooling 
rates of men compared with women in cold air, it seemed 
interesting to compare the responses of men and women of 
similar ages to cold air under strictly controlled con- 
ditions in the laboratory. 
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METHODS 
Volunteers 
The young swimmers were members of different 
Wandsworth swimming clubs and they and their parents 
understood and consented to the experiments which were 
made in water in which they were used to swimming. Other 
volunteers were medical students, nurses and physiologists 
working at The London Hospital and Medical College. Two 
patients of this hospital also volunteered. The nature 
and risks of the experiments were explained to the sub- 
jects and they volunteered without payment other than 
expenses. 
The temperature-controlled room 
This room was at The London Hospital Medical College 
and was used in all experiments except those made on the 
children. The room was about 12 m3 and fitted with thermo- 
statically controlled heating (C. Hanson & Co. Ltd., London) 
and refrigeration (West & Co. Ltd., Brighton) units. The 
air temperature near a subject could be maintained within 
0.5°C of any temperature from 0 to 46°C. Using additional 
heaters, the air temperature of this room could be increased 
from 10 to 40°C in less than 40 minutes. The temperature 
sensors controlling the units were suspended in the centre 
of the room, and control was best with both units running. 
A fan in each unit blew air over the elements resulting in 
a net wind speed near the subject of 0.3 to 0.7 m/sec. 
(measured by Kata thermometer). Extra fans, heaters, water 
baths and chairs were in standard positions for all experi- 
ments. Recording instruments were in an adjacent room. 
Leads from a subject could be fed through a hole in the 
door between the rooms. The air temperature of the instrU^ 
ment room did not change by more than 0.5°C during any 
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experiment. In the temperature controlled room were two 
water baths each containing approximately 100 1. of water, 
the depth of which was adjusted so a subject could immerse 
the legs up to the knees. 
Anthropometric measurements 
Height was measured to the nearest 0.5 cm. by a wall 
tape and weight to 0.5 kg. using bathroom scales (Salter 
Ltd., England) calibrated accurate to 0.5 kg. Surface 
-areas, m2, were calculated by the formula WO'425. H0.725. 
0.007184 where W is the weight in kg. and H the height in 
cm. (Du Bois and Du Bois, 1916). 
Subcutaneous fat thicknesses were estimated using a 
Harpenden calliper (Edwards, Hammond, Healey, Tanner and 
Whitehouse, 1955) at sites used previously (Keatinge, 
1960). These were: subscapular, just below the inferior 
angle of the scapula; biceps, midway between the acromion 
and antecubital fossa; subcostal, on the mid-clavicular 
line at the lower costal margin; abdominal, 5 cm. below 
and lateral to the umbilicus. Additional limb sites 
were used in those experiments where the role of limb fat 
was separately studied from that of trunk fat. These 
sites were: calf, medial side at junction of upper and 
middle 1/3; thigh, 1/2 way between the anterior superior 
iliac spine and the middle of the patella; forearm, 
medially, at the junction of the upper and middle 1/3. 
Four measurements were made at each site and the average 
taken as the skinfold thickness at that site. In the 
swimmers,. one measurement was made at each of the 7 sites. 
In correlations with cooling rates, reciprocals. of 
skinfold thicknesses were used since for a given temperature 
drop across subcutaneous fat, heat loss at each site should 
be directly related to the reciprocal of fat thickness at 
that site, other things being equal. 
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Temperature measurement 
Measurements from thermistors were monitored by 
electric thermometer (Light Laboratories, Brighton). 
These were accurate to 0.05°C and readings were stable 
with the device in air from 0 to 46°C. 99 % response 
times for the thermistors in rapidly stirred water at 
37°C were 59.6 ± 4.8 seconds (mean of 5 determinations 
made with each thermistor used). 
Thermojunctions were made by soldering 36 s. w. g. 
alumel and chromel wires (Saxonia Wire Co., Greenwich). 
These were coated with araldite. The cold junction was 
in crushed ice and water in a vacuum flask and e. m. f. 's 
read-on a mirror galvanometer (W. G. Pye & Co. Ltd., 
Cambridge) after passing through a suitable resistance. 
Thermocouple leads were trimmed to be of equal electrical 
resistance and were sleeved in polyethylene tubing to 
p 
prevent wetting. Stable readings after immersion in 
rapidly stirred water at 37°C were obtained within 22 
seconds with all thermocouples. 
Heating or cooling thermometer leads to temperatures 
between 0 and 46°C within 4 cm. of the sensor did not. 
alter its reading of a constant temperature bath, indicat- 
ing negligible stem conduction errors. 
Clinical thermometers (G. H. Zeal, London) used With 
the swimmers were calibrated to be accurate to 1 0.05°C 
all giving stable readings in rapidly stirred water at 
37°C in less than 35 seconds. 
Sublingual thermometers were inserted as far back 
under the tongue as possible and maintained in this Posi- 
tion throughout. The lips were tightly sealed by the 
subjects aided by elastoplast in the two London H05pi ta1 
patients and the swimmers. 
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The rectal thermistor was inserted to a depth of 
10 cm. from the anal margin, the lead stuck to a buttock 
by elastoplast to prevent dislodgement during an experi- 
ment. 
Oesophageal temperatures were measured 
mistor inserted through a nostril to a depth 
38 cm. from the external nares and judged by 
measurements to be at heart level and in the 
of the oesophagus. Subjects did not swallow 
'30 seconds before an oesophageal reading was 
by a ther- 
of about 
external 
lower 1/3 
during the 
taken. 
Parotid saliva temperature was monitored by a 
thermocouple fixed in the central chamber of a Lashley 
cannula (Lashley, 1916) and external auditory canal 
temperature by a thermocouple or thermistor inserted 
about 1 cm. from the concha, kept in close contact with 
the anterior wall of the canal by a cotton wool plug. 
Air temperature was measured with 'a 0 to 500 C 
mercury-in-glass thermometer accurate to 0.50C and 
placed in a standard position near the subject. The 
temperature of the water in the baths was measured by 
thermistors and the Light Laboratories thermometer. 
Thermometers were calibrated before and after each 
experiment against a0 to 40°C mercury-in-glass thermo- 
meter (BS 593/54) which gave readings to ± 0.05°C. A 
rapidly stirred thermostatically controlled water bath 
(Shannon, London) was used for calibrations, maintained 
at temperatures of 25 to 45 1 0.025°C. 
Metabolic Rates 
Expired air was collected through a mouthpiece and 
valve (Siebe-Gorman & Co. Ltd., England) into polyethylene 
or rubber Douglas bags (Douglas, 1911). Collections were 
made for about 10 minutes in the laboratory and 5 with the 
swimmers. 
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In the laboratory, during control collections, air 
was inspired near an open window; in the temperature- 
controlled room it was inspired through a pipe from out- 
side the building. The mouthpiece and valve were sup- 
ported to minimise muscular effort by the subject. With 
the swimmers, the subject swam with mouthpiece and valve 
supported at the mouth by straps round the head, the 
expired air collected through corrugated rubber tubing 
attached to a wooden boom, leading to a Douglas bag and 
supported by an observer walking along the, side of the 
pool. 
Gas analyses were made within 25 minutes of collec- 
tion; as diffusion of gases can be significant over long 
periods (Brown and Sauter, 1959). The gas composition 
of the bags did not alter by more than 0.1% after standing 
for 12 hours (10 determinations). 
After mixing the collection, the oxygen percentage 
of the expired air was measured using a paramagnetic 
oxygen analyser (Model E2, Beckman Instrument Inc., 
California, U. S. A. ) calibrated against a Lloyd-Haldane 
gas apparatus (Gallenkamp, London). The Beckman analyser 
gave readings accurate to - 0.01%. A two point check 
was made before and after each experiment with 100% nitro- 
gen and outdoor atmospheric air. With the swimmers a 
portable paramagnetic oxygen analyser (Taylor Servomax 
Ltd., England) accurate to ± 0.1% was used, calibrated 
in a similar way. 
The volume collected was measured to ± 0.1% by a gas 
meter (Parkinson & Cowan London). The temperature of gas 
was measured by a thermometer inserted through a zeal to 
the lumen of the meter's inlet tube. Barometric A ressure 
was measured by a mercury barometer. 
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Metabolic rates were calculated from the 02 deficit 
and volume of expired air corrected for temperature and 
pressure (Weir, 1949). 
Method for changing deep body temperature in the laboratory 
For cooling, males wore swimming shorts and females 
a short skirt and standard bikini top so that women had 
about 1,000 cm2 more clothing than the men. In order to 
lower deep body temperature subjects immersed their legs 
up to the knees in water at 13 - 0.5°C. Standardised 
flexion and extension of the ankles was made by pressing 
the soles of the feet onto a-perspex board opposed by 
springs. Shivering and falls in rectal temperature of 
up to 0.6°C have been induced by slow rhythmic exercise 
of the calf muscles with the lower limbs immersed in cold 
water (Glaser and Holmes-Jones, 1951). A flexion-extension 
movement was made every 4 seconds in time with a flashing 
light or bleep. They sat in air at 10 ± 0.5°C with a fan 
directed towards the trunk to produce a wind speed near 
the subject of 2.5 to 3.5 m/sec. 
In order to raise deep body temperature the legs were 
immersed in water up to the knees at 40 to 43°C. The water 
temperature in the leg bath was maintained to ± 0.4°C by 
a thermostat-pump (Shannon, London) immersed in an adjacent 
smaller water bath. Water was pumped from this bath to the 
leg bath and returned from the latter by syphon. Using 
suitable electrical earthing the pump was by this means 
isolated from the subject and the water in the leg bath main- 
tained within the above limits'with the room air as low as 6°C. 
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Heat flow 
In some experiments, heat flow disks (Hatfield-Turner, 
High Wycombe, England) were placed on the immersed legs 
and voltages read via a suitable resistance using the 
mirror galvanometer. The disks were supported in a 
plastic frame and applied to the skin using a narrow 
rubber band which did not cover the disk itself. One 
disk was placed over the calf skinfold site on skin, fat 
and a relatively large mass of muscle compared with the 
other disk which was at the same horizontale level but 
over the skin, fat and fascia on the medial surface of 
the tibia. 
Saliva flow rate 
A Lashley cannula was fixed to the inner surface of 
the cheek by suction to the outer chamber, positioned so 
that saliva collected in the inner chamber from a parotid 
duct. The device was in position for 10 minutes with the 
mouth closed before collections started. These were for 
6 minutes into weighed plastic containers, stoppered 
immediately after collection and reweighed as soon as 
possible to minimise evaporation. Subjects were instructed 
to minimise facial movements and generally were unaware 
of the possible outcome of the experiments. 
Steady temperatures 
Rectal temperature was taken as steady if readings 
did not change by more than 0.050C during 20 minutes* and 
temperatures measured at other sites during 10. 
- 22 - 
Statistical procedures 
Paired or direct Student t tests were used to compare 
means after a normal distribution had been demonstrated 
using the-F test. Differences were significant at the 
0.05 level unless otherwise stated. To test whether 
two regression lines were significantly different, regres- 
sions were first tested for differences-in residual vari- 
ance and when no significant differences were found in 
this, slopes and elevations compared using the F test 
(Snedecor and Cochran, 1971). A Fortran computer program 
for this method was written and is attached to the thesis. 
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PROCEDURES AND RESULTS 
The effect of local temperature changes at the head on 
sublingual and oesophageal temperatures 
In order to determine the extent to which sublingual 
temperatures were affected by exposing the head to cold 
air, sublingual and oesophageal temperatures were meas- 
ured in forty experiments on fourteen volunteers, seven 
male and seven female. Readings were first made every' 
,2 minutes 
for 30 minutes at room temperature and then 
for a further 30 minutes in colder or warmer air at a 
temperature between 3.5 to 45°C. On eleven occasions 
the subject then returned to the warm air at 17 to 24.5°C 
for a further 20 minutes. Volunteers were fully clothek 
to minimisu-changes in deep body temperature, but with 
the head uncovered and long hair tied back. 
Local cooling 
Figure 1 shows the effect of exposure to air at 
3.5°C on sublingual and oesophageal temperatures in 
subject S13. Although there were small fluctuations in 
oesophageal temperature, it remained fairly steady. Sub- 
lingual temperature, however, fell by 1.3°C after 30 
minutes local cooling. On returning to the warmer air 
at 18.5°C sublingual rose slowly but at 20 minutes was 
still about 0.7°C below control values indicating that 
considerably longer than 20 minutes may be needed to 
reverse local cooling by simply sitting in a moderately 
warm climate. 
Local heating 
Figure 2 shows the effect of exposure to air at 
35.0°C on sublingual'and oesophageal temperatures in sub- 
ject S10. Again, there was little change in oesophageal 
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while sublingual rose to be within 0.2°C and slightly 
higher than oesophageal. On returning to the cooler air 
at 24.0°C sublingual returned to near control values 
within 10 minutes. This result suggested that local 
cooling of the face occurred to a small extent in ordi- 
nary room temperature and that local cooling is abolished 
in air at 35.0°C. 
ý", Return of sublingual temperature to control values after 
30 minutes cooling or heating 
On the eleven occasions when subjects ", returned to 
room temperature after 30 minutes local cooling or heating, 
sublingual returned to within 0.1°C of control levels 
within 10 minutes in all except four. These four subjects 
were the only ones to have been exposed to environments 
colder than 10°C. In these four, after 20 minutes in 
room temperature, sublingual was 0.5 to 2.8°C below con- 
trol levels. Reversal of marked local cooling therefore 
takes longer than 20 minutes and absolute levels of sub- 
lingual temperature are of little value shortly after 
periods of local cooling. It was shown in experiments 
described later (page 80) that active rewarming of facial 
tissues quickly reversed any local cooling: 
The local effect of environmental temperature on sublingual 
temperature 
Table 1 gives air, oesophageal and sublingual tempera- 
tures after 30 minutes in air at different temperatures. 
Air temperatures in the control environment were 17 
to 24.5°C, similar to air temperatures found in heated 
rooms in the winter (Salvosa, Payne and Wheeler, 1971) 
and unheated ones in a-mild English summer. Oesophageal 
was generally higher than sublingual in the control environ- 
ment by an average of 0.36°C 
1 0.04 s. e. This confirms an, 
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AIR, 
AFTER 
TABLE 1 
OESOPHAGEAL AND SUBLINGUAL TEMPERATURES 
30 MINUTES EXPOSURE TO ROOM AIR (17 TO 
,0C 24.50e) 
AND A SECOND ENVIRONMENT (3.5 TO 45°C) IN THE 
TEMPERATURE-CONTROLLED ROOM 
Cont rol Environment Second Envi ronment 
Oesoph- Sublin- Oesoph- Sublin- 
Subject Air ageal gual Air ageal gual 
Si 21.0 37.0 36.85 7.5 37.05 34.9 
Si, 20.0 37.0 36.6 14.5 37.25 35.9 
Si 19.0 37.05 36.55 36.5 36.8 37.15 
Si 22.0 37.05 36.75 45.0 37.55 38.4 
S2 20.5 37.45 36.75 6.5 `37.25 32.8 
S2 22.0. 37.65 37.1 28.0 37.45 37.2 
S2 18.0 37.5 37.0 37.0 37.5 37.5 
S2 23.0 37.45 36.5 41.0 37.7 37.8 
S3 18.5 37.4 37.2 3.5 37.55 35.8 
S3 17.5 37.25 36.95 27.5 37.35 37.0 
S3 17.0 37.45 37.1 34.0 37.05- 37.3 
S4 24.5 36.95 36.85 8.0 37.0 35.55 
S4 21.0 37.1 36.7 13.5 37.1 36.0 
S4 22.5 36.8, 36.6 32.0 36.7 36.75 
55 20.5 36.65 36.5 3.5 36.65 34.6 
S5 21.5 37.05 36.85 15.0 37.1 36.0 
S5 22.5 36.45 36.4 37.0' 36.55 37.05 
S6 23.5 36.85 36.7 3.5 36.9 34.8 
S6 24.5* 36.9 36.7 13.0 36.95 35.75 
S6 24.5 36.95 36.7 34.0 37.05 37.25 
S6 17.0 36.65 36.4 42.0 36.75 37.0 
S7 20.0 
. 
37.0 36.65 8.5 37.2 35.95 
S7 22.0 "36.95 36.6 14.0 36.9 36.0 
S7 23.0 "36.75 36.35 37.5 36.95 37.25 
S8 19.5 36.35 35.85 36.0 36.4 36.65 
S9 21.5 36.95 36.8 10.0 37.1 36.0 
S9 21.5 36.85 36.8 30.5 36.9 37.15 
S9 20.0 37.1 37.05 43.0 37.55 38.0 
S10 21.0 37.25 36.35 7.0 37.45 34.2 
S10 24.0 37.0 36.7 35.0 37.1 37.15 
511 20.0 36.9 36.45 5.5 37.15 34.5 
511 18.5 36.5 36.1 9.5 37.05 34.95 
511 20.5 36.45 35.55 29.5 36.35 36.15 
Sil 21.5 36.5 36.15 44.0 37.15 37.7 
S12 . 
20.5 36.6 36.7 5.5 36.8 35.5 
S13 18.0 37.0 35.95 6.0 37.3 33.95 
S13 18.5 37.45 36.7 3.5 . 37.6 35.4 
S14 22.0 37.4 37.35 11.0 37.75 37.3 
S14 22.0 36.75 `36.45 26.0 36.85 36.45 
/ 
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earlier study (Cranston, Gerbrandy and Snell, 1954). 
Oesophageal temperature was very little different after 
30 minutes in the second environment compared with the 
end of the period in air at 17 to 24.5°C. After 30 
minutes in environments. warmer than 40°C oesophageal 
temperature generally increased, in one subject, S11, by 
as much as 0.65°C and sublingual increased by a similar 
amount. After 30 minutes in environments of 15°C or 
less, oesophageal rose by an average of 0.13°C ± 0.04 s. e. 
compared with the 30 minute readings at room temperature 
(p< 0.001). This is probably the paradoxical rise in 
deep body temperature which has been observed at the 
beginning of cooling with both sublingual (Tholozan- 
Brown-Sequard, 1858)and rectal (Glaser, 1949) tempera- 
tures. The paradoxical rise with cooling has not been 
described with oesophageal temperature and these results 
support the theory that this rise was due to a reflex 
overcompensation of cutaneous vasoconstriction and thus 
less heat was lost peripherally and was a true increase 
in deep body temperature rather than any local effect. 
On the'control environment sublingual temperatures 
were 35.85 to 37.35°C. With local cooling sublingual 
fell to as low as 32.8°C and increased to as high as 38.4°C 
in the hottest environments. Air temperature must be 
seriously considered when estimating deep body temperature 
from measurements made at the sublingual site. 
Figure 3 shows the relationship of oesophageal with 
air temperature after 30 minutes exposure to environments 
of 3.5 to 45.0°C. The regression of oesophageal on air 
temperature was not significant for air temperatures up 
to 35°C but oesophageal rose slightly in climates Warmer 
than deep body temperature because of general body heating. 
Oesophageal temperatures were 36.35 to 37.35C. ° 
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Figure 4 shows the relationship of sublingual with 
air temperatures in environments of 3.4 to 45.0°C. The 
regression of sublingual on air temperature was 
Ts = 0.072. Ta + 34.88 (r = 0.81) where Ts is sublingual 
temperature after 30 minutes exposure to an environmental 
temperature of Ta, 0 C. The scatter of sublingual tempera- 
tures was greater with the lower air temperatures probably 
because of the subject variation in degree of vasoconstric- 
tion of artirioles in the facial skin. The low sublingual 
temperatures associated with the colder climates and only 
a small paradoxical rise in oesophageal must be due to 
local cooling of oral. tissues. The high sublingual temp- 
eratures in the warmer environments are due to local 
heating of oral tissues as well as an increase in arterial 
blood temperature in those subjects where oesophageal rose 
with general body heating. The environment therefore had 
a marked local effect on sublingual temperature leading to 
possible errors when used to estimate deep body temperature. 
Sublingual paralleled changes in oesophageal tempera- 
ture closely and was generally less than oesophageal 
(Gerbrandy, Snell and Cranston, 1954). The oesophageal - 
sublingual difference represents the deviation of sublingual 
from deep arterial blood temperature due to other effects 
such as local cooling and heating. 
Figure 5 shows the relationship between the oesophageal - 
sublingual difference and air temperature after 30 minutes 
exposure to environments of 3.5 to 45.0°C. The regression 
of the difference on air temperature is shown, D= -0.071. 
Ta + 2.155 (r = 0.80), where D is the oesophageal - sublingual 
difference after 30 minutes exposure to air at Ta, 
0 C. The 
scatter of the difference was greater with lower air tempera- 
tures where sublingual was as much as 4.45°C below oesophageal. 
At air temperatures between 17 and 24.5°C (the control climates), 
- 31 - 
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the difference was as mu, 
variations in this range 
such as amount of facial 
relative roles of direct 
tion in cooling the oral 
was minimal local 'effect 
temperatures. 
:h as 1.150C and individual 
were probably due to factors 
subcutaneous tissue and the 
heat loss, saliva and respira- 
tissues. In air at 30°C there., 
of the environment on'sublingüal 
" . 'Figure 6shows the regressions of. oesophageal on 
sublingual temperature in two ranges of air temperature: 
15 to 25 and 26 to 45°C. The regression of oesophageal 
on sublingual in air 3.5 to 45 and 3.5 to 15°C was not 
significant because of the large scatter of sublingual 
temperatures produced by local cooling. The correlation 
coefficient was higher in the warmer (0.82) than the 
colder (0.67) of the two ranges which indicated that 
sublingual was a better estimate of arterial blood tempera- 
ture in warm environments. Mean oesophageal was. signifi- 
cantly higher than mean sublingual after exposure to the 
environments of 15 to 25°C by an average 0.36°C. After 
exposure to environments of 26 to 45°C mean oesophageal 
was lower than mean sublingual by 0.28°C. This indicated 
that there is some local cooling in the colder range and 
that this is abolished in the warmer climates with perhaps 
some local heating of oral tissues and possibly sublingual 
lagging behind oesophageal temperature when deep body 
temperature increased in the very hot climates. 
As general body heating did not occur in environments 
of about 30°C and as at this temperature local effects on 
sublingual temperature were minimal, sublingual should 
estimate deep body temperature closely in such a climate. 
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The role of respiration and of cutaneous cooling in 
sublingual temperature errors 
Six volunteers from the first series of experiments 
repeated a 30 minute exposure to air at 17 to 220C and 
then 30 minutes in air at 3.5 to 10°C. The head and 
neck were insulated with 3 cm. thick cotton wool during 
both periods. Small holes through the insulating layer 
were made to enable the subject to see and breath easily. 
The insulation was removed from some subjects after 30 
_minutes 
in the cold room and readings continued in that 
room. Oesophageal, sublingual and air temperatures were 
recorded at two minute intervals throughout. 
Cold exposures were made by two volunteers with 
permanent tracheostomies. So that these patients were 
distressed as little as possible, oesophageal temperatures 
were not monitored and it was assumed that -this did not 
change greatly as shown in the earlier experiments. These 
two subjects wore nose clips, their lips sealed with tape. 
Figure 7 shows oesophageal and sublingual temperatures 
in a subject who sat for 30 minutes in air at 17°C and then 
for a further 30 minutes in air at 8°C, the head insulated 
with cotton wool. The insulation was then removed. In the 
colder climate sublingual and oesophageal temperatures were 
fairly steady until the insulation was removed and then 
sublingual fell by nearly 2°C to 34.55°C after 14 minutes, 
oesophageal remained steady. This experiment demonstrated 
that insulation of the head prevented marked local cooling 
of oral tissues even when cold air is inspired through the 
holes in the insulating layer. V 
Table 2 gives oesophageal and sublingual temperatures 
after 30 minutes sitting in the control and the colder 
environments with and without insulation of the head and 
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neck (six subjects). With the head exposed, sublingual 
fell by up to 1.9°C and oesophageal rose slightly by up 
to 0.2°C. With the head and neck insulated, although 
sublingual fell in one subject by 0.70C and mean sub- 
lingual by 0.19°C, the change in mean sublingual was not 
statistically significant. Again there was a significant 
rise in mean oesophageal by 0.17°C. The rise in oesopha- 
geal was generally greater with the head insulated than 
when it was not. This was possibly because the insulation 
largely prevented cooling of saliva which when swallowed 
with no insulation of the head and neck, depressed oesopha- 
geal slightly and masked to some extent the paradoxical 
rise in deep body temperature. 
These results showed that insulation of the head and 
neck prevented local cooling to a large extent. The falls 
in sublingual which did occur with insulation were prob- 
ably due to imperfect insulation or cooling by inspired 
air. Respiration played a relatively small role in local 
cooling of sublingual tissues and this was mainly secondary 
to direct cooling of facial skin. 
Figure 8 shows local cooling of oral tissues in two 
subjects with permanent tracheostomies. Although the sub- 
lingual temperature of subject Ti was not stable at the 
end of the control period and oesophageal temperatures 
were not measured, marked falls in sublingual temperature 
occurred in both subjects in the cold environments sup- 
porting the evidence that external cooling had a major 
and respiration only a minor role in the cooling of the 
sublingual area. 
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The effect of local cooling of the face on saliva flow 
rate, saliva and sublingual temperatures 
Six volunteers were exposed fully clothed, the head 
uncovered, to climates with air temperatures close to 
10°C for 30 minutes after a control period of the same 
time in air at 20 
± 2°C. Preliminary experiments showed 
that after insertion of an oesophageal probe, there was 
a prompt and considerable rise in parotid salivary flow 
rate sustained for at least 30 minutes, associated with 
an increase in swallowing rate. From the results of the 
experiments described earlier it was therefore assumed 
there would be little change in oesophageal temperature 
during the 30 minutes cold exposure. Sublingual and 
saliva temperatures were measured using thermocouples. 
After siting the Lashley cannula and sublingual thermo- 
couple the subject sat in the control environment until 
steady. temperatures were attained. Five six-minute 
collections of saliva were made during the control and 
again in the cold climate. 
Figure 9 shows the effect of cold air on sublingual 
and saliva temperatures as well as flow rate on one of 
the subjects. After 30 minutes in the cold room, sub- 
lingual had fallen by 0.35 and saliva by 1.05°C compared 
with the 30 minute steady control readings. The mean 
saliva flow rate over 30 minutes increased from 17.12 
to 62.02 mg/min, an increase of more than 250%. Local 
cooling of the face in this subject resulted in an 
increased flow of cooled saliva associated with a fall in 
sublingual temperature. 
Table 3 gives the mean saliva flow rates during 
. 
30 
minutes as well as saliva and sublingual temperatures 
after 30 minutes in the control and colder climates. 
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Sublingual temperature fell by as much as 0.9°C and 
saliva 2.35°C in the cold room. In the warmer climate 
sublingual was always higher than saliva temperature 
suggesting a possible cooling effect of saliva on sub- 
lingual tissues in ordinary room temperatures. Saliva, 
temperature fell to a greater extent than sublingual in 
each case in the cold as the parotid gland is closer to 
the environment. The mean saliva flow rate for the group 
increased by about 80% with cooling. This increase is 
small compared with that secondary to taste receptor and 
mechanical stimulation (Dawes and Jenkins, 1969). 
The falls in sublingual temperatures were somewhat 
less than the first series of experiments predicted. 
This may have been because half the parotid secretion 
had been diverted in those experiments where collections 
were made. It may also have been because the smaller 
thermocouple used in the later experiments invaginated 
the sublingual tissues more completely than the larger 
thermistor used in the main series of experiments or a 
clinical thermometer. Simultaneous recording of sublin- 
gual temperature at the root of the tongue measured by 
the thermistor, a clinical thermometer and the thermo- 
couple showed that the smaller the sensor the smaller the 
local cooling effect. 
Time taken for sublingual and oesophageal temperatures to 
become steady from insertion of the probe 
In the series of 40 experiments where 14 subjects 
were exposed to different climates of 3.5 to 45°C oeso. 
phageal took up to 6 minutes to steady after insertion of 
the probe but was always steady at the time the sublingual 
probe was inserted. Sublingual took 2 to 14 minutes to 
steady and-was as much as 1.5°C below oesophageal 2 minutes 
44 - 
after insertion of the sublingual probe and up to 0.85°C 
below oesophageal. at 4 minutes from sealing the lips. 
Using such a thermistor a better estimate of deep body 
temperature is obtained after the sublingual probe has 
been in position for at least 5 minutes, the lips sealed 
tightly throughout. There was no firm relationship bet- 
ween the time taken for sublingual to steady and other 
variables but there was evidence that individuals could 
have consistently short (Si) or long (S5) stabilisation 
times when measured under identical conditions several 
times on different days. Subject S6 had 3 short stabili-. 
sation times measured in warm air prolonged when measured 
in colder air. Mouth breathing before the experiments 
could have cooled oral tissues to differing extents and 
part of the time taken to stabilise may have been due to 
the rewarming of arterial blood. In one subject, mouth 
breathing for 15 minutes in air 6 to 37°C on different 
occasions did not affect the time to stabilise in the 
control climate of 17 to 24.5°C until the air temperature 
in the first climate was 15°C or less. Stabilisation time 
was prolonged from 4 to 8 minutes by mouth breathing air 
at 10°C for 15 minutes compared with breathing air at a 
temperature greater than 15°C. In the control environ- 
ment 10 determinations of the time in this subject did not 
vary by more than 1 minute from 4 minutes. There was thus 
evidence that stabilisation time for sublingual temperature 
was determined by individual properties of oral tissues, 
perhaps mainly by its blood flow, which may vary consider- 
ably between individuals. 
-6 
Stabilisation time must also be determined by the 
heat capacity of the thermometer. Response times of 
thermometers are usually measured in rapidly stirred water 
or oil and the heat capacity of these are likely to be 
different from those of the various sites commonly used to 
/ 
estimate deep body temperature. 
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Figure 10 shows the lag curve of a thermistor placed 
sublingually in a. mouth which had been closed for 20 
minutes previously. A steady temperature of 35.6°C was 
reached in 3.5 minutes. Also shown is the lag curve of 
the same thermistor immersed under rapidly stirred water 
at 35.6 
± 0.05°C. In this case readings were stable 
after 1.25 minutes. The response time of a thermometer 
therefore gives but a minimum possible time to stabilisa- 
tion at any site. 
The effect of environmental temperature on the longitudinal 
oesophageal temperature gradient 
There is a gradient of temperature in the oesophagus, 
higher in the lower third, in subjects in air at 19 to 
24°C (Cranston, Gerbrandy and Snell, 1954). "This gradient 
is probably due to local cooling of the oesophagus by cold 
inspired air anteriorly in the trachea as well as by swal- 
lowed cool saliva. This gradient has not been studied in 
warmer or colder environments. 
The oesophageal thermistor was inserted to a depth* 
of 45 cm. from the external nares and the-subject sat in 
air at 37°C. When readings were steady, the thermistor 
was withdrawn in 5 cm. steps and the reading noted at the 
new site after 6 minutes. After the 20 cm. reading the 
thermistor was repositioned at 45 cm. and this reading was 
never greater than 0.05°C different from that at the start. 
This procedure was repeated in air at 10°C and the experi- 
ment was made on four occasions using two subjects. 
Figure 11 and. Table 4 give the oesophageal temperatures 
measured in the four experiments, a-d. In the cold climate 
there was a significant gradient from 45 to 20 cm. averaging 
0.22°C while in the warmer climate there was-, no significant 
gradient. It appeared from these results that the gradient 
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in the cold was produced by a rise in temperature in the 
lower oesophagus rather than by a fall in temperature in 
the upper oesophagus as would have been expected with 
local cooling. Accurate siting of an oesophageal thermo- 
meter is therefore more important in cold climates than 
in the warm. 
When cold saliva was swallowed falls in oesophageal 
temperature up to 0.8°C occurred in subjects in air at 8 
to 10°C with the mouth closed and 2. '6°C with the mouth 
. open. After swallowing, oesophageal 
temperature gener-- j 
ally returned, to its original level within 30 seconds 
and swallowing was not allowed in any experiment for the 
30 seconds preceding an oesophageal measurement. 
Sublingual temperature gradients 
Thermistors were attached firmly to the stem of a 
clinical thermometer, at the bulb, one and two cm. down 
the stem. The bulb was inserted under the tongue and 
placed as far back as possible at the root. Readings 
were made at. two minute intervals for 30 minutes in a 
warm climate (18 to 23°C) and for a further 30 minutes in 
air at 8 to 10°C. The experiment was made on four subjects. 
Figure 12, gives the results from one subject. In the 
warm air there was a gradient along the under surface of 
the tongue of about 0.5°C gradually increasing to 3.2°C 
after 30 minutes cold exposure. ' Again the fall in temper. 
ature at the root of the tongue was smaller than predicted 
in the earlier series of experiments possible because of 
the smaller thermistor used in the gradient experiment. 
Table 5 gives the readings from the four experiments. 
In the warm air, the average gradient was 0.480C and the 
majority of the fall in temperature occurred within 1 cm. 
a 
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SUBLINGUAL TEMPERATURE (°C) AT THE ROOT OF 
THE TONGUE 1 AND 2 CM. DISTAL AT 30 MINUTES 
IN WARM (18 TO 23'C) AND COLD (8 TO 10°C) 
CLiMATES 
Warm Climate 
Distance from Root 
of Tongue, cm. 
012 
Cold Climate 
Distance from Root 
of Tongue, cm. 
012 
G1 37.2 36.9 36.8 36.4 35.5 34.6 
G2 36.9 36.5 36.3 35.85 34.15 32.65 
G3 36.5 36.4 36.35 35.5 35.0 34.3 
G4 36.9 36.4 36.1 35.3 34.8 33.4 
Mean 36.87 36.55 36.39 35.76 34.86 33.73 
Difference 0.32* 0.16 0.90 1.13 
s. e. (0.08) (0.05) (0.28) (0.19) 
p . 0.05 0.1 0.1 0.02 
7 
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from the root of the tongue. In the colder air, the 
average gradient was 1.93°C and the greater part of the 
fall in temperature occurred in the second cm. from the 
root of the tongue. These results suggested that local 
cooling may have occurred' through the lips even though 
they were tightly sealed. 
9 
In cold climates, considerable errors in estimating 
deep body temperature will occur if the thermometer is 
not at the root of the tongue and these errors due to 
-incorrect positioning of the thermometer or the thermo- 
metermoving are less in warmer air. The large scatter 
in sublingual temperatures which was observed in the 
cold when exposed to cold air for 30 minutes could be 
explained by the thermistor having slipped to a more 
anterior position during the experiment even though pre- 
cautions were taken to prevent this. 
i 
The lag of sublingual and rectal temperature behind 
oesophageal with deep body temperature rising 
A subject sat in shorts in air at 13.5,20.5 or 
29.5°C for 30 minutes. He then immersed his legs up to 
the knees in water at 42 to 43°C for up to 40 minutes. 
Sublingual, oesophageal and rectal temperatures were 
recorded every two minutes. The experiment was made in 
each of the three environments on different days- 
Figures 13,14 and 15 give the results for each 
climate. Sublingual was closest to oesophageal in the 
warmest climate confirming earlier findings. The rise 
in oesophageal with heating was closely paralleled by 
sublingual in each climate. In the colder climates there 
was a small fall in oesophageal which occurred during 
the first 15 minutes in the room and was caused by the 
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generalised vasodilation induced by immersing the legs 
in water. This fall was paralleled by sublingual almost 
immediately but rectal fell slightly after a lag of about 
15 minutes. Rectal was generally higher than oesophageal 
but lagged to an extent in two of the experiments that 
oesophageal rose to be higher than rectal with heating. 
Sweating occurred later and at higher oesophageal temp- 
eratures in colder climates. ' Because of local cooling, 
absolute levels of sublingual temperature at the onset 
of sweating implied that sweating occurred at lower deep 
body temperatures in colder climates, the opposite con- 
clusion to that drawn from oesophageal readings. Rectal 
temperatures were valueless in studying the sweat point 
because the lag was great compared with the rate of rise 
of, deep body temperature. The results suggested that 
unless account is made of local cooling of oral tissues, 
sublingual readings in cold climates may be misleading 
even though sublingual changes are similar to those in 
oesophageal. In air at 29.5°C, sublingual was closer to 
oesophageal, paralleled its increase and showed little 
effect of local cooling. 
Figure 16 shows the relationship of the oesophageal 
sublingual difference with the change in oesophageal in 
the 20 minutes preceding that time. Co-ordinates were 
plotted at 4 
. 
minute intervals during the last 20 minutes 
of the heating period. At any time during heating, the 
oesophageal - sublingual difference was significantly 
greater the colder the air temperature. This was because 
of local cooling of the sublingual tissues. The gradient 
of the regression lines represents the time lag of sub- 
lingual behind oesophageal. There was no significant 
difference between the gradients of the three lines. 
The lines for environments of 13.5°C and 20.5°C were Sig" 
nificant but the line for the 29.5°C climate was not 
/ 
ý 
S 
- 57 - 
cöö 
lp Lei 
N 
L_ L 1" 
QQQ 
.00x 
I 
0. 
O 
oV 
XC 
O 
o 
0"N 
OC 
.r 
. tý 
Oä 
x0 
N 
0 
r0 
p ... 
0, 
G1 
ir 0 
0c 
ON 
a3uaaeJj! CI IrnGu1! gnG-jua02L, dos a 
Fig. 16 The lag of sublingual behind oesophagea1ing 
temperature, deep body temperature increas 
with the legs in hot water, th8 rest of 
the 
body in air 13.5,20.5 or 29.5 C. 
- 58 - 
which indicated negligible lag of sublingual behind 
oesophageal in this warm air. In all three environments, 
the higher the rate of increase of oesophageal tempera- 
ture, the greater was the oesophageal - sublingual 
difference because of local cooling. The results showed 
that a change in sublingual temperature with deep body 
temperature increasing rapidly, paralleled the change in 
oesophageal but absolute values of sublingual were of 
little use in cold climates. Sublingual temperature 
reflected oesophageal temperature best in air at 29.5°C. 
i 
Figure 17 shows the relationship between the rectal - 
oesophageal difference and the change in oesophageal in 
20 minutes. The co-ordinates were plotted as in Figure' 
16. - The slope of the line represents the time lag of 
rectal temperature behind oesophageal. There were no 
, significant differences between the lines for the three 
environments. The gradient of this line was greater than 
any of the three regressions in Figure 16. The results 
indicated that rectal lagged behind oesophageal tempera- 
ture with rapid body heating to a greater extent than 
sublingual and that this rectal lag is independent of 
external air temperature. Rectal temperature may there- 
fore be of value in monitoring changes in deep body temp- 
erature in cold environments where the rate of change of 
temperature is small. Account must be taken of the lag of 
rectal temperatures when deep body temperature is rapidly 
changing and little information may be obtained from 
absolute levels of rectal temperature under these conditions. 
Measurement of deep body temperature from external auditory 
canal with servo-controlled heating around the ear 
When the local effect of cold air was eliminated with 
the head insulated or the subject in a warm room, sublingual 
temperature was a good predictor of deep body temperature 
- 59 - 
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even when this was rapidly increasing. Continuous 
monitoring of sublingual temperature was subject to 
errors when the thermometer was displaced and the mouth 
could not be used for communication or the collection of 
respiratory gases. 
The auditory canal was similarly affected by local 
cooling (Greenleaf and Castle, 1972). Insulation of the 
head prevented local cooling of the auditory canal to a 
large extent (Bradbury, Fox, Goldsmith and Hampton, 1964), 
but this cannot be completely prevented. / 
Preliminary experiments were made with a prototype 
device which was designed and constructed in the Depart- 
ment of Physiology, The London Hospital Medical College 
and-. with these results a portable device was made by 
Muirhead Limited, Beckenham, Kent and was used in further 
experiments. 
The prototype used a thermojunction inserted about 
1 cm. into the external auditory canal and maintained in 
close contact with the anterior wall of the canal by a 
plug of cotton wool. A pad of cotton wool, 12 cm. square 
and 1 cm. thick covered the ear and surrounding face closely 
applied to the face by straps around the head. The inner 
part was a silicone-rubber insulated heater and the outer, 
cotton wool. At the opening of the canal, just below the 
surface of the heater was a second thermojunction, in con.. 
tact with the skin. Each thermojunction was connected to 
a cold junction which was under crushed ice and water in a 
vacuum flask. The e. m. f. from each thermocouple was ampli- 
fied (Ancom Limited, Cheltenham) and fed into a difference 
amplifier the output of which servo-controlled the power to 
the heat pad so that the temperature at its thermojunction 
was within 0.20C of that in, the canal. By this means, the 
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temperature of any part of the inner surface of the pad 
was found to be within 0.5°C of any other. Thus large 
gradients from canal to environment were eliminated even 
with deep body temperature, environmental temperature or 
both temperatures changing. The e. m. f. 's were read to 
within 0.05°C using' a mirror galvanometer (Pye, Cambridge) 
after they had passed through suitable resistances. Four 
groups of experiments were made on 6 volunteers aged 18 
to 26 years. 
The effect of local cooling of the head on aural temperature j 
The effect of 20 minutes local cooling of the head in 
air at 8 to 10°C and net wind speed 2.5 to 3.5 m/sec. was 
studied on 6 subjects, fully clothed, the head exposed. 
Aural temperature was monitored as well as oesophageal and 
there was no external insulation over the ear. Subjects 
sat first for 20 minutes in warm air 19 to 23°C and returned 
to this warm climate after cooling. 
Figure 18 gives the readings from subject El. In the 
warm room, aural rose slowly to be 0.9°C below oesophageal 
after 20 minutes. Marked local cooling of the canal occurred 
in the cold room and oesophageal increased slightly. After 
20 minutes of rewarming, aural had not returned to control 
values and was 1.4°C below oesophageal after 20 minutes. 
Table 6 gives the. results from the 6 subjects after 20 
minutes in control and cold environments. In the warm room, 
aural was an average of 0.4°C below oesophageal and in one 
case was 0.95°C below. Other experiments showed that as 
long 
as 60 minutes were needed for aural temperature to stabilise 
in air, at-_19 to 23°C and even longer in colder environments. 
With local cooling, oesophageal generally rose slightly 
by 
an average for the group of 0.10C while aural fell by an 
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average of 1.4°C and in one case by as much as 2.3°C. 
The mean oesophageal - aural difference was 1.9°C after 
20 minutes local cooling. After 20 minutes rewarming, 
oesophageal fell slightly by an average of 0.17°C while 
aural generally rose to be close to control values. After 
20 minutes rewarming the oesophageal - aural difference 
was 0.47°C and the difference between mean oesophageal 
and aural-temperatures was not quite statistically sig- 
nificant. This was probably because of the influence on 
a small group of the result from subject E4 where aural 
was higher than oesophageal. These results confirm the 
earlier findings that there was a significant effect of 
changes in skin temperature on aural temperature estima- 
tions of deep body temperature (Greenleaf and Castle, 
1972). As the subjects in my study were fully clothed 
the skin component referred to by the latter authors was 
probably that at the face. Other results (Cooper, 
Cranston and Snell, 1964)-failed to demonstrate any immed- 
iate effect of raising or lowering environmental temperature 
by 14°C on aural temperature. Wind speed, absolute values. 
of air temperature and times of exposure were not quoted in 
the latter publication. 
It seemed that, like sublingual temperature, unless 
the effect of the environment was eliminated, local effects 
might mask changes in deep body temperature when measured 
from-the external auditory canal. Although insulation of 
the head was shown to give readings of aural temperature 
closer to those measured at other sites (Bradbury, 
Fox, 
Goldsmith and Hampton, 1964) any convenient material used 
as an inert insulator must cool with time. 
- 65 - 
The effect of local cooling of the head on aural 
temperature, the head insulated with cotton wool 
The six volunteers from the last series of experi- 
ments were at the same time studied to assess the effect 
of 20 minutes local cooling on aural temperature, the 
ear covered with a 12 cm square and 1 cm thick pad of 
cotton wool. 
Figure 19 gives the results from subject E5. In 
the warm room, aural temperature was slightly higher than. 
oesophageal indicating no local cooling in'-this subject. 
Aural temperature fell by 1.3°C after 20 minutes in the 
cold room despite the inert insulation. During rewarming, 
aural rose slowly and was 0.35°C below oesophageal at 20 
minutes. The result showed that in this subject thick 
inert insulation over the ear did not prevent local cooling. 
Table 7 gives the results from the six subjects. In 
the warm room after, 20 minutes, aural was generally higher 
than oesophageal by an average of 0.07°C, this difference 
between mean oesophageal and aural temperatures was not 
statistically significant. With local cooling, oesophageal 
rose by an average of 0.1°C and aural fell by an average 
of 0.35°C. The fall in aural temperature was much less 
with ear insulated than without insulation and in one case 
aural fell by 1.3°C. Again the different between mean 
oesophageal and aural temperature was not statistically 
significant. After 20 minutes rewarming, there was no 
difference between mean oesophageal and aural temperature; 
but in one subject was still 0.35°C below oesophageal. The 
results demonstrated that local cooling is largely prevented 
by inert insulation of the ear and surrounding facial tissue 
but that in some subjects marked local cooling did occur. 
That there was local cooling after only 20 minutes exposure 
to cold air suggested that inert insulation would 
be useless 
for longer exposures and in colder environments- 
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The effect of local cooling on aural temperature using 
servo-controlled heating around the ear 
In exposure for 20 minutes to air at the same tempera- 
ture and wind speed as the first two experimental series, 
the same 6 subjects were studied with the prototype servo- 
heater operating. 
Figure 20 gives the results from subject El. In the 
warm room, with local cooling and on rewarming, aural 
temperature remained within 0.25°C of oesophageal. The 7 
rise and fall of oesophageal was reflected by aural with 
evidence of some lag of the latter behind oesophageal. 
There was no evidence of local cooling of the auditory 
canal. 
Table 8 shows the results from all subjects. There 
was no statistically significant difference between mean 
aural and oesophageal temperatures after the first 20 
minutes in the warm room, after 20 minutes local cooling 
and after 20 minutes rewarming. At no time was aural more 
than 0.25°C different from oesophageal. In the cold room 
oesophageal generally rose, by an average of 0.4°C, but 
mean aural by only 0.14°C. This suggested that aural may 
have been lagging behind oesophageal a little. The para- 
doxical rise in deep body temperature has therefore been 
demonstrated with both oesophageal and aural temperatures. 
The servo-controlled heat pad therefore kept aural tempera- 
tures much closer to oesophageal than when only-inert 
insulation was used. 
The portable device (The Zero Gradient Aural Thermo- 
meter) is shown in Figure 21. The aural probe is an 
encapsulated thermistor bead connected by a flexible wire, 
comfortable and maintained in position as with the prototype. 
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Fig. 2l The Zero Gradient Aural Thermometer 
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The cotton wool plug acts as a thermal buffer, important 
in helping to prevent positive feedback in the control 
system. The ear is covered by a plastic shell lined with 
heat-insulating material. The ear protector is closely 
applied over the ear on a rubber seal, pressure being 
applied by a spring head band connected to an empty shell 
over the other ear. The empty shell was perforated to 
enable the subject to hear normally. Within the insulated 
protector was a, 5 watt heater, not in contact with the 
skin. A second thermistor bead was in contact with the 
skin close to the opening of the external auditory canal, 
and could be kept in position with adhesive tape. This 
thermistor was maintained within 0.2°C of the recorded 
temperature in the canal by the servo-heater. The ear 
protector was connected to the control unit by a single 
cable carrying power to the heater and signals from each 
thermistor. Aural temperature was displayed on a digital 
panel meter accurate to 0-. 1 
0C with unrestricted span. 
Power for the unit was from the mains or from rechargeable 
batteries and the device could be used in the field without, 
external power for over 4 hours, and possibly considerably 
longer depending on'the external temperature. An output 
socket enabled use with a wide range of permanent recorders. 
Many experiments were made using this device to deter- 
mine its characteristics and limitations. The experiments 
described below were made using a device identical to pro- 
duction models except-that the case and control panel were 
more presentable in these. 
Seven volunteers were studied to determine the relation- 
ship between aural and oesophageal temperatures when deep 
body temperature was decreasing or increasing rapidly, the 
head cooled. The head was cold during rapid body heating 
because lag of aural behind oesophageal is theoretically at 
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1` 
a maximum under these conditions. Aural temperature was 
measured using the Zero Gradient Aural Thermometer. The 
subject wore shorts and was otherwise fully clothed, the 
head exposed and sat first in air at 18 to 26°C while 
temperatures became stable. He then sat for 80 minutes 
with-the legs immersed up to the knees. in cold water and 
the method employed for general body cooling (page20 ). 
The temperature of the air in the room was 8 to 10°C and 
the wind speed near the head 2.5 to 3.5 m/sec. The legs 
were then immersed in water at 40 to 43°C"(page 20), the 
air temperature remaining at 8 to 10°C. In one experi- 
ment rectal temperature and the temperature using the- 
tran. scutaneous temperature meter (Fox and Solomon, 1971) 
were also monitored. Other experiments were made-to deter- 
mine the stabilisation time of aural temperature with 
servo-heating under a variety of conditions. The effect 
of local heating of the head and device was also studied. 
Figure 22 shows the effect of lowering then increasing 
deep body temperature on aural, oesophageal, rectal and 
transcutaneous temperature meter readings. The subject 
first sat in air at 200C while temperatures stabilised. 
The readings from the transcutaneous temperature meter did 
not stabilise in this time and were reading about 2°C below 
oesophageal at the time the subject entered the cold room. 
This was despite applying the pad of the meter 20 minutes 
before time 0 on the graph. After 80 minutes general body 
cooling, oesophageal fell by 0.45°C to 36.95°C and aural 
paralleled this fall closely and was never more than 0.2°C 
from oesophageal. After 60 minutes cooling the subject 
was shivering both with the limbs and trunk. Rectal fell 
by 0.65°C showing little lag behind oesophageal with the 
low rate of fall of deep body temperature. At 80 minutes, 
the transcutaneous meter, the sensor of which was closely 
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applied over the upper sternum, read 34.4°C, 1.45°C below 
oesophageal indicating that absolute readings were of no 
value in these cold conditions. Most of the meter's fall 
in temperature occurred in the first 10 minutes of cooling 
which suggested a marked local cooling error. With heating, 
after a small after-drop, oesophageal rose by 1.35°C closely. 
paralleled by aural and at the end of the heating period 
the subject was sweating profusely. There was a small lag 
of aural behind oesophageal during this rapid increase of 
deep body temperature, but at no time did aural differ from 
oesophageal by more than 0.35°C. Rectal lagged behind 
oesophageal and aural during heating and had increased by 
only 0.25°C at 50 minutes from the start of heating. The 
transcutaneous temperature meter indicated a rise of 1.55°C, 
which was similar to the change in oesophageal but remained 
over 2°C below oesophageal throughout the heating period, 
which suggested a continued local cooling effect. After 
55 minutes heating the meter readings rapidly fell by nearly 
10C. No apparent cause for this was discovered, but it did 
not seem to be due to leakage of cold air to the pad sensors 
as the pad was firmly applied to the skin throughout the 
experiment. 
The results indicated that aural temperature measured 
by the Zero Gradient Aural Thermometer closely paralleled 
rapid changes in oesophageal with no local cooling under 
these conditions. Its lag behind oesophageal was small. 
Rectal lagged behind oesophageal only when the rate of 
change of deep body temperature was high. The transcutaneous 
temperature meter was affected by marked local cooling and 
although changes roughly paralleled those of oesophageal, 
absolute values were of little use in these conditions. 
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Table 9 gives the results from the 7 subjects. In 
the warm climate, after 20 minutes and temperatures were 
stable, aural was significantly higher than oesophageal 
by 0.12°C on average. Aural was never greater than 0.2°C 
more than oesophageal during the last 10 minutes of the 
control period. After 80 minutes cooling, mean oesophageal 
had fallen by 0.45°C and in each subject, aural paralleled 
the fall in oesophageal closely and never was greater than 
0.25°C from oesophageal. There was no significant differ- 
ence between mean aural and oesophageal temperature at the 
end of the cooling period. 
During the firstl0 minutes of heating, aural remained 
within 0.25°C of oesophageal during the after-drop. During 
the remainder of heating, oesophageal rose to be an average 
of 0.94°C higher than at the end of cooling. The maximum 
rate of rise of oesophageal was 0.9°C/10 min. Aural gener- 
ally paralleled this rise within 0.25°C of oesophageal but 
in two subjects was 0.35 
oC below oesophageal indicating 
some lag. In no case at any time was aural more than 0.35°C 
different from oesophageal. After 50 minutes heating, 
oesophageal was generally higher than aural but the differ- 
ence was not statistically significant. This again suggested 
a small lag of aural behind oesophageal. 
Stabilisation time of aural temperature using the zero 
Gradient Aural Thermometer 
In air at 18 to 26°C, aural temperature was always 
within 0.35°C of oesophageal 10 minutes after inserting the 
probe and switching the heater on from the cold state (mean 
± S. D., 11 experiments 0.14 
± 0.160C below oesophageal). 
By 15 minutes after insertion, aural was 0.01 
± 0.12°C above 
oesophageal and at 20 minutes virtually unchanged at 0.02 
1 0.12°C above oesophageal. Although aural had stabilised 
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by 20 minutes in most subjects, 30 minutes were needed 
in 2 for complete. stabilisation. Never eless, ' after 
10 minutes, aural was close enough to stabilisation for 
changes in deep body temperature to be accurately moni- 
tored from this 
bite. Aural temperature always stabilised 
within 0.25°C of oesophageal in air between 9 and 450C 
and with wind speeds up to 2.5 to 3.5 m/sec (16 experi= 
ments). In two experiments at 9°C stabilisation took 25 
minutes and in colder environments even longer. 
Without additional insulation over the ear protector, 
it is suggested that 9°C is the lowest air temperature 
for use and at this temperature stabilisation time may 
be greater than 20 minutes. A more powerful heater would 
overcome this problem, but this would mean that the increase. 
in battery weight would limit the portability of the device. 
Local heating did not occur during exposures for up 
to 2 hours in environments of 46 to 50°C (4 experiments). 
Aural remained within 0.25 
0C 
of oesophageal which rose by 
up to 1.55°C. 
Thus, with servo-comtrolled external heating, auditory 
canal temperature gave a close estimate of oesophageal even 
in cold surroundings and followed changes in oesophageal with 
less lag than rectal. The mouth is left clear, allowing 
speech and collection of expired air for analysis. The 
discomfort and difficulty of tympanic membrane and oesophageal 
probes are avoided. 
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The role of body size. sex and subcutaneous fat on 
cooling of young people aged 8 to 20 years swimming 
in cold water 
The thicknbss of subcutaneous fat in adults has been 
shown to be an important factor in determining the rate of 
deep body cooling both in cold air and cold water (Baker 
and Daniels, 1955-6; Carlson et al, 1958; Keatinge, 1961; 
Swift, 1932). Exercise increased the rate of cooling of 
adults in water too cold to allow thermal balance without 
that exercise in thin (Pugh and Edholm, 1955) and fat 
(Cannon and Keatinge, 1960) men. Exercise increases the 
rate of blood flow to peripheral muscles and the gradient 
of heat loss from deep tissues to the environment is 
dependent on the temperature difference between the core 
and periphery as well as thickness of subcutaneous fat. 
Thin subjects-exercising in cold water will therefore lose 
more heat than fat ones, -other things being equal. Since 
children have less subcutaneous fat than adults and the 
amount of subcutaneous fat deposited increases as the 
child passes through the pubertal period (Edwards, 1951) 
it seemed likely that children might cool rapidly, swimming 
in cold water. 
1' Rates of cooling'of swimming children do not seem to 
have been measured before, perhaps because of difficulties 
in arranging controlled conditions and in monitoring their 
temperatures. 
In order to study a large group of children swimming 
in cold water a morning was chosen when these children 
would be, in the ordinary course of events, swimming in a 
cold indoor pool. This occurred only after a holiday period 
when the pool had been closed to the public and on the first 
day it was opened, for the first few hours, the pool was cold 
before the heating was effective. The experiment was made 
on such a-morning. 
Z 
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The children were all members of different 
Wandsworth swimming clubs and in the months before the 
experiment, the nature and risks were explained to both 
the children and their parents. The children gave con- 
r 
sent to the experiments. 
The Zero Gradient Aural Thermometer would have been 
ideal to measure deep body temperatures before and after 
a swim and even to monitor temperatures during a swim. 
However, as the development of the device was in the. 
early stages and 28 children volunteered, the device 
could not be used. Rectal and oesophageal temperature 
measurement are most inconvenient for use in children and 
from the results described earlier there would be marked 
local cooling of oral tissues during such a swim. However, 
the sublingual site seemed the most convenient to use on 
such a group. Therefore, preliminary experiments were made 
in the laboratory to determine the conditions needed for 
valid sublingual estimations of deep body temperature after 
swimming in cold water. 
The determination of deep body temperature after swimming 
in cold water using the sublingual site 
It was necessary to see how quickly sublingual returned 
to near oesophageal temperature after cooling the face and 
mouth and at the same time as there was general body cooling. 
Three men aged 18 to 26 years sat for 40 minutes in air at 
13°C and a net wind speed of 2.5 to 3.5 m/sec. They immersed 
the legs up to the knees in cold water and exercised the 
calf-muscles (see page20). They wore only shorts and 
before cooling sat in a warm room until temperatures were 
steady. Throughout the cooling period, they washed their 
faces and washed the insides of their mouths with water at 
13°C. During cooling, all three shivered intensely and 
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oesophageal temperatures fell by up to 0.55°C in one 
subject. Before cooling, oesophageal temperature was 
37.35,37.10 and 37.25°C. At the end of the cooling period 
oesophageal temperature was 36.80 36.95 and 37.45°C res- 
pectively. Sublingual temperature could not be monitored 
during cooling because of the huge local cooling effect 
of washing the mouth with cold water. After cooling, the 
subjects returned to a warm room at 30°C and washed their 
faces with hot (44 to 45°C) water for one minute to accel- 
erate rewarming of the facial tissues. They then inserted 
a thermistor under the tongue and temperatures monitored 
for a further 20 minutes. Oesophageal temperature fell 
for at least 2 minutes at the beginning of rewarming (the 
after-drop) and then rose. Twelve minutes after the start 
of rewarming oesophageal temperature was 36.85,36.75 and 
37.30°C in the three subjects respectively, these tempera- 
tures all within 0.150C of oesophageal at the end of the 
cooling period. The oesophageal temperature after 12 
minutes rewarming in this way estimated oesophageal at 
the end of cooling when the after-drop had occurred. 
After washing the face with hot water, sublingual 
rose quickly to be near oesophageal. Two minutes after 
rewarming had started sublingual was 0.5 to 1.95°C below 
oesophageal and was of no value in estimating deep body 
temperature until the local effect had been eliminated. 
In all three subjects rewarming of the face was complete 
within 12 minutes and at that time sublingual temperatures 
were 36.85,36.75 and 37.30°C. The 12 minutes sublingual, 
temperature, therefore, estimated oesophageal to within 
0.15°C. The 12 minute sublingual temperature also estimated 
oesophageal at the end of cooling within 0.15°C. The same 
12 minute rewarming procedure was used in the experiment on 
children swimming described below. 
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Figure 23 shows the result from one of the prelim- 
inary experiments. Before cooling, the subject sat in 
air at 28 to 30°C, the sublingual temperature was slightly 
higher than oesophageal and there was no loca cooling 
of the face. After active rewarming, sublinqual quickly 
rose to be within 0.25°C of oesophageal and after 12 
minutes rewarming, the small after-drop was complete. 
Procedure during the swim 
28 young people volunteered. They were aged 8 to 
20 years and there were 16 girls and 12 boys. Boys wore 
swimming trunks and the girls two-piece bathing costumes 
so that any differences in insulation due to clothing 
were minimised. Immediately after changing, subjects 
wrapped a blanket around them to prevent cooling and 
their heights, weights and skinfold thicknesses were 
measured in a room in air at 29 to 30°C. They then sat 
in this room and a thermometer was inserted under the 
tongue and the lips were sealed for 12 minutes. The 
thermometer was withdrawn from the closed mouth, read, 
shaken down and re-inserted, the mouth opened as little as 
possible. Four-minutes later the thermometer was removed 
and re-read. This reading never differed from that of the 
first by more than 0.1°C. This reading was taken as the 
deep body temperature before the swim. Three subjects had 
expired air collected under resting conditions in the warm 
room before swimming. Subjects then swam breast stroke 
and occasionally front crawl. The pool-was 23 m long and 
after 2 lengths swimming, they waited at one end of the 
pool to give an average swimming speed during swim and pause' 
of 30 
±1 m/minute before starting the next two lengths. 
The temperature of the pool was measured about every 10 
minutes throughout the experiment and was 20.3 
± 0.1°C 15 
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Fig. 23 Oesophageal and sublingual temperatures in air 
at 28.0 to 30.0oC before and after general body 
cooling with local cooling of the face and 
inside of the mouth. 
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to 25 minutes after the start of the swim. Expired air 
was collected from each of the 3 subjects (see page 19) 
from whom collections were taken before swimming. 
Any swimmer who wanted to leave the pool or who 
appeared to be distressed was instructed to get out of 
the pool at once. The others who were under 121 years 
old stayed. in the water for 33 minutes and those over 
121 for 40 minutes. 
After leaving the water, they quickly were dried and 
recovered themselves with the blankets and washed their 
faces in hot water sitting in the room in air at 28 to 
30°C. Sublingual temperature was recorded without taking 
the thermometer out of the mouth, at 8,12,16 and 20 
minutes from leaving the pool. The 12 minute reading was 
taken as the deep body temperature after leaving the pool 
and the others used only to make sure that the measured 
temperature was rising slowly and the 12 minute reading 
was not an erratic one. There were no erratic readings 
and temperatures always rose slowly. 
The experiment started at 9.30 a. m. for half the 
subjects and 10.10 a. m. for the others so, that only half 
were being studied at one time in the warm room or swimming- 
This made observations and measurements easier to handle 
but even so 12 observers were needed to run the experiment- 
Anthropometric measurements 
Table 10 gives the age, weight, height, surface area, 
surface area/mass ratio and body temperature before and 
after swimming for each of the 28 subjects. Table 11 gives 
the subcutaneous fat thicknesses at the standard sites and 
their means for each subject. 
L 
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TABLE 10 
AGE, WEIGHT, HEIGHT, SURFACE AREA, SURFACE 
AREA/MASS RATIO, LENGTH OF SWIM, BODY 
TEMPERATURE BEFORE AND AFTER SWIMMING 
OF 28 CHILDREN 
Age 
yrs 
Weight 
" 
kg 
Height 
m 
Surface 
Ara 
m 
Surface 
Ares/Mass 
m /kg 
Length 
of Swim 
min. 
Body 
Temperature'- 
Before After** 
Girls 
Cl 8 21.0 1.19 0.84 0.040 18 37.6 35.7 
C2 10 27.0 1.36 1.03 0.038 18 37.7 36.4 , 
C3 10 27.0 1.34 1.01 0.037 33 37.6 35.1 
C4 10 30.0 1.30 1.04 0.035 33 37.6 37.0 
C5 10 36.0 1.47 1.23 0.034 33 37.6 36.2 
C6 10 39.0 1.39 1.22 0.031 33 37.8 37.7 
C7 11 33.5 1.41 1.06 0.035 33 37.0 35.0 
C8 11 42.0 1.55 1.37 0.033 33 37.7 35.8 
C9 12 44.0 1.49 1.35 0.031 33 37.2 36.0 
C10 12 48.5 1.55 1.45 0.030 40 37.9 37.6 
C11 13 41.0 1.52 1.33 0.032 "40 37.4 36.6 
C12 13 47.5 1.42 1.35 0.028 40 37.4 35.2 
C13 13 57.5 1.64 1". 62 0.028 40 37.5 37.2 
C14 15 68.0 1.66 1.76 0.026 40 37.2 37.7 
C15 17 49.5 1.63 1.52 0.031 40 37.5 36.3 
C16 19 63.0 1.65 1.70 0.027 40, 37.7 37.5. 
Bis 
C17 8 23.5 1.29 0.93 0.040 28 37.8 34.9 
C18 10 33.5 1.46 1.19 0.036 28 37.4 34.9 
C19 11 30.0 1.44 1.12 0.037 33 37.6 34.4 
c20 11 36.5 1.44 1.22 0.033 33 37.6 36.8 
C21 12 69.0 1.68 1.78 0.026 33 37.5 37.3 
C22 13 42.0 1.59 1.39 0.033 40 37.6 34.8 
C23 13 47.0 1.55 1.43 0.030 40 37.4 36.2 
C24 13 56.5 1.68 1.64 0.029 40 37.4 35.8 
C25 14 52.5' 1.70 1.60 0.030 33 37.4 34.4 
C26 14 72.0 1.79 1.90 0.026 40 38.0 37.6 
C27 14 82.0 1.82 2.03 0.024 40 37.9 37.8 
C28 17 65.0 1.76 1.80 0.028 40 36.8 36.2 
Sublingual, measured under conditions shown to be close 
to oesophageal (see text). 
00 12 minutes from insertion of thermometer. 
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.1 
TABLE 11 
SUBCUATNEOUS FAT 
SITES 
Subscap. Subcost. 
THICKNESS (mm) AT 
IN 28 CHILDREN 
Abdomen Thigh Calf 
STANDARD 
Biceps Forearm Mean 
Girls 
C1 6.8 5.1 9.0 23.0 10.0 6.8 6.5 9.60 
C2 5.9 4.5 7.8 19.6 11.2 6.0 7.5 8.93 
C3 5.8 5.0 9.2 26.8 17.0 6.3 7.5 11.09,. 
C4 8.8, 8.8 13.5 25.8 14.2 "11.5 9.0 13.09 
C5 5.0 4.8 7.2 15.6 12.4 9.0 7.1 8.73 
C6 18.0 19.4 32.4 27.8 19.2 14.2 12.4 20.49 
C7 6.6 6.0 10.0 19.0 14.2 5.6 4.2 9.37 
C8 6.6 6.2 8.2 17.9 11.8 7.0 7.2 9.21 
C9, 9.8 7.5 12.6 22.0 18.2 10.4 6.7 12.46 
C10 12.2 19.2 24.2 32.8 26.8 11.2 14.6 20.16 
Cil 8.1 9.0 13.5 32.0 12.8 10.6 7.2 13.31 
'C12 8.2 12.0 22.0 27.6 18.0 8.4 5.8 14.57 
C13 13.6 14.5 23.2 34.7 22.8 9.1 7.1 17.86 
C14 19.2 24.2 30.4 42.0 28.8 17.2 10.2 24.46 
C15 11.8 14.5 12.8 21.2 15.4 10.2 7.2 13.30 
C16 12.0 14.0 20.4 35.5 19.8 10.4 9.0 15.83 
Bow 
C17 5.2 4.6 4.8 14.6 9.8 3.8 5.6 6.91 
C18 5.7 4.8 5.8 14.2 6.4 4.2 4.8 6.56 
C19 4.8 4.3 4.8 10.8 6.9 3.8 51 . 
5.79 
C20 10.5 8.0 10.2 21.4 15.6 7.9 .7 6 11.47 
C21 9.2 12.4 22.5 17.0 23.8 15.5 5.4 15.11 
C22 7.2 8.4 9.8 21.0 10.7 5.0 4.0 9.44 
C23 10.0 18.5 20.8 18.8 16.8 6.6 8.9 14.34 
C24 7.7 8.4 11.6 21.4 22.2 8.0 7.4 12.39 
C25 7.0 6.2 6.2 11.0 8.0 5.1 3.4 6.70 
C26 11.6 17.6 18.4 17.0 18.2 7.4 6.6 13.83 
C27 15.0 24.0 21.5 36.0 27.8 9.2 6.2 19.96 
C28 10.8 13.6, 14.2 13.2 13.5 3.8 3.8 10.41 
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The subjects were aged between 8 and 20 years but 
the majority (25 subjects) were between 8 and 15 years 
old. There was no significant difference between the mean 
of the ages for the girls and the boys. 
Weights were between 21 and 82 kg but heights varied 
only between 1.19 and 1.82 m. -Surface areas were between 
0.84 and 2.03 m2 and surface area/mass ratios were bet- 
ween 0.024 and 0.040m2/kg. Younger subjects were generally 
smaller, lighter and with a smaller surface area and larger 
surface area/mass ratio than the older subjects. For 
example, subject C14 was the subject with the largest mean 
skinfold thickness. This was a girl over 15 years of age. 
Only 2 others were heavier and only one other had a lower 
surface area/mass ratio than she. Subject C19 was the one 
with the smallest mean subcutaneous fat thickness and this 
was an 11 year old boy. Only 4 others were lighter and only 
3 had a greater surface area/mass ratio than he. 
Body temperatures before and after the swim 
Before the swim, body temperatures were all between 
36.8 and 38.0°C. Only one subject, C28, had a body temp- 
erature below 37.0°C and this indicated that local cooling 
of sublingual tissues had been eliminated because sub- 
lingual temperatures were measured in air at 28 to 30°C and 
that these temperatures were probably close to oesophageal. 
After the swim, 5 subjects, all boys with low weights and 
low subcutaneous fat thicknesses with a high surface area/mass 
ratio, had body temperatures below 35°C. The absolute fall 
in body temperature-was as much as 3.2°C in one subject. Of 
these 5 boys, 3 had to come out of the pool early because 
they felt too cold to continue swimming. 
k 
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Those who came out of the pool early were questioned 
and observed closely. One of the girls who was 8 years 
old said she stopped swimming because she felt cold and 
tired. Her temperature after swimming was 35.7°C after 
falling 1.9°C. This was the highest rate of cooling of 
the girls and this subject was the youngest with the 
highest surface area/mass ratio and one of the lowest fat 
thicknesses of the girls. After coming out of the pool, 
she was pale with'moderate cyanosis of the hands and feet 
and shivering continued for 20 minutes by which time the 
sublingual temperature had increased to 36.2°C. The 
youngest boy also had to come out of the pool early 
because he felt cold. He had the highest surface area/ 
mass"ratio of the boys and was one of the thinnest sub- 
jects. His temperature fell by 2.9°C, one of the highest 
rates of cooling of the group and he was still shivering 
moderately 24 minutes from leaving the pool, when his sub- 
lingual temperature was 35.8°C. Another boy who came out 
of the pool early was still shivering 30 minutes from the 
time of leaving the water with a temperature of 35.1°C. 
This'boy was used to swimming five evenings a week and 
much further distances than the distance covered in this 
experiment. He said he had to stop swimming because he 
felt difficulty with breathing. All the subjects who left 
the pool early maintained they could not have continued 
with the swim. 
The body temperature of the girls was never lower 
than 35°C and the older and fatter subjects, girls or boys 
(e. g. subjects C13 and C27) showed little or no fall in 
body temperature even though they had been swimming for 
40 minutes. There was some shivering for a short time 
immediately after entering the water and no shivering after 
leaving the pool. Subject C14, the heaviest and fattest 
girl, showed a small increase in body temperature after 
swimming. 
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The data was analysed at first at the Institute of 
Computer Science,. London. Each variable was correlated 
with another. The correlations showed that trunk skin- 
folds were highly intercorrelated and were almost equally 
correlated with cooling rates. The measures were equiv- 
alent and any one is highly correlated with cooling rate 
as is the mean of seven. Sex differences related mainly 
with limb fat and age differences with trunk fat. Allow- 
ing for differences in surface area/mass ratio increased 
the correlation of cooling rate with mean reciprocal fat 
thickness. Using the crude observations of-differences 7 
between fat and thin subjects and between the young and 
old which were described above the correlations enabled 
more detailed comparisons to be made by regression analysis. 
Relationship between rate of cooling and fat thickness 
allowing for differences in surface area/mass ratio 
Figure 24 shows the regression of rate of fall of 
body temperature on the mean of reciprocals of the seven 
skinfold thicknesses allowing for differences in surface 
area/mass ratio. The 95% confidence limits are shown. 
The thinnest children with the highest surface area/mass 
ratios cooled at a rate greater than 0.1°C/minute. This 
suggested that after one hour swimming in these conditions, 
falls in temperature of over 6°C would occur and that this 
degree of hypothermia could markedly increase the risk of 
death from ventricular fibrillation in these subjects. 
The rate of cooling of different subjects correlated 
well with the subject's overall fat thickness. The regres- 
sion for rate of fall of body temperature (oC/min. ) on the 
mean of reciprocals of skinfold thicknesses (R) measured 
at the seven sites (m 
1) 
was 0.0079R- 0.044, correlation 
coefficient 0.85. The regression for younger swimmers did 
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'Fig. 24 The relationship between rate of fall of body 
temperature and fat thickness in children 
swimming in cold water; allowance made for 
differences in surface area/mass ratio. 
Regression line and 95% confidence limits. 
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not differ from that of older swimmers, nor the regression 
for boys from girls. However, the mean rate of cooling of 
those under 121 years old was significantly greater than 
the older group, p< 0.025. There was no significant 
difference between the mean of rates of cooling for the 
boys and the girls. 
Better correlation was obtained when allowance was 
made for differences in surface area/mass ratio. The rate 
of fall of body temperature (°C/min. ) was then 0.019RA/M - 
0.025 where A was the surface area (m2) and M the body 
weight (kg). The correlation coefficient was increased to 
0.91. The slope of the regression was significant, p< 0.01. 
Again there was no significant age or sex differences bet- 
ween regressions. 
Subcutaneous fat thickness was therefore a major deter- 
minant of rates of cooling of children swimming in cold water" 
regardless of age or sex. There was a large variation in 
surface area/mass ratio in this group. In children with the 
same overall fat thickness, differences in cooling rates were- 
determined to some extent by differences in surface area/mass 
ratio. 
The relation between surface area/mass ratio and age 
It has been widely recognised that newborn babies have 
a high surface area/mass ratio and that this is associated 
with the high rates of cooling in cool air compared with 
adults. Figure 25 shows the regression of surface area/mass 
ratio on age. With increasing age the surface area/mass 
ratio decreased. The slope of the regression is significant, 
p. <0.05, and there were no statistically significant differ- 
ences between the regressions of boys and girls. Younger 
children could therefore cool faster than older children and 
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age (symbols as in Fig. 24). 
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adults partly because of their greater surface area/mass 
ratios. The surface area/mass ratio is determined by 
height, weight, body shape as well as the thickness of 
subcutaneous fat. Other things being equal, a fat child 
has a lower surface area/mass ratio than a thin one. This 
is because the greater fat thickness increases the weight 
of the subject proportionally more than the surface area, 
which is also increased, and therefore the surface area/ 
mass ratio decreases. Heat loss will therefore be greater 
in thin children who have high surface area/mass ratios. 
The relation between fat thickness and aqe 
Figure 26 shows the regressions of mean reciprocal 
fat thickness on age for boys and girls. The slope of the 
regression for the whole groi. p is significant, p< 0.05. The 
regression for boys differs from that of the girls in eleva- 
tion, p< 0.05. With increasing age both the boys and girls 
increased the thickness of their subcutaneous fat. At any 
age boys were thinner than girls. This change in subcut- 
aneous fat thickness with age must contribute in part to 
differences in surface area/mass ratio between subjects. 
The thinner children were young and had higher surface area/ 
mass ratios than older subjects. The sex differences bet- 
ween the regressions is small compared with the effect of 
age. 
The relation between cooling rate and aqe 
Figure 27 shows the regressions of cooling rate-on 
age for the boys and girls. Despite the large scatter, 
the slope for the group is significant, pC0.05. The reg- 
ression for boys differs from that for girls in elevation, 
p <0.10. The greater cooling rates in the younger swimmers 
were therefore determined by their having a greater surface 
area/mass ratio and less subcutaneous fat than the older chil- 
dren. Again the sex difference in cooling rate is of less 
importance than the age effect. 
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Metabolic rates 
The metabolic rates of subjects C8, C15 and C20 under 
resting conditions were 1.1,1.3 and 1.6 (mean 1.3) kcal/ 
min. and swimming, 4.2,4.7 and 5.6 (mean 4.8) kcal/min. 
respectively. These subjects were representative of the 
group in height, weight and skinfold thickness. Large 
individual' variations in metabolic rates were demonstrated 
immediately after swimming in adults (Karpovich and Millman, 
1944) but. the subjects held their breath during the short 
swim of that study. The results of that study showed 
swimming at speeds greater than 2 ft/sec. was vigorous 
exercise and metabolism increased to greater than 10 times 
the basal rates. The average swim speed in the children's 
experiment was just over 1.5 ft/sec. Energy expenditure 
swimming in cold water is determined by the viscosity of 
the water which is greater the colder the water as well as 
the swimming speed. Water becomes slightly denser when cold 
and this would make it easier for a swimmer to float. This 
effect on the buoyancy of a swimmer is very small compared. 
with the effects of swim speed and water viscosity on energy 
expenditure (Keatinge, Prys-Roberts, Cooper, Honour and 
Haight, 1969). From the little evidence on metabolic rates 
while swimming it seemed that a four-times increase in meta- 
bolic'rate in the 3 children is what could have been expected 
under these conditions. 
The effect of differences in distribution of subcutaneous 
fat on cooling rate 
Figure 28 shows the regressions of cooling rate on mean 
reciprocal trunk fat thickness allowing for differences in 
surface area/mass ratio. The slopes of all four regressions 
shown are significant, p <' 0.05. Regressions for swimmers 
under 121 differ from those 124 and over in slope, P< 0.05. 
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The regressions show that for a given trunk skinfold 
thickness, boys generally cooled faster than girls and 
the older group faster than the younger. 
Figure 29 shows the regressions of mean reciprocal 
limb fat thickness on mean reciprocal trunk fat thick- 
ness for boys, girls, those under 12+ and those 12+ and 
over. The slopes of all 4 regressions shown are sig- 
nificant, p< 0.05. The regression for swimmers under 121 
differs from those over 122 in elevation, p< 0.05. The 
regression for boys, differs from that for girls in eleva- 
tion, p <0.05.., The regressions show that for a given 
skinfold thickness on the trunk, skinfold thickness is 
less over the limbs in younger, than older swimmers and 
in boys than girls. Sex differences in cooling rates and 
differences in cooling between individuals in the two age 
groups could be accounted for in differences in limb fat. 
However, differences in fat distribution are of less 
importance than overall fat thickness in determining 
cooling rates. 
These results indicated., that unless children leave 
cold water they may be in considerable danger of death 
from hypothermia in less than one hour, especially if 
they are thin and young. 
Channel swim by children 
On July 13th, 1972 6 boys, average age 121 years, all 
members of the Eltham Swimming Club, swam the English 
Channel-in-relay. The group swam 28 miles in 14 hours 55 
minutes which was an average swimming speed of 55 yards/ 
minute. Each boy swam for one"hour on at least one occasion. 
These children were interviewed several months after the swim 
and their heights, weights and skinfold thicknesses measured. 
- 99 - 
N 
0 
cA C 
0 
H0 ®% 
Ný CV %O 
0 
`ff % 
a-ý 
f `` 0E 
f` 
% \fV 
a 
®4 \\\ 
a \0 o Y. f "' c 
fE 
4 
n 
U aýf `ýd 12 
Sü 
0äi 
r3 
a.. 
O 
p0O 
0 0' (, _w) ssau3jplq} IV; qwil Irooadi3aa uu%41 
Fig. 29 The regressions for boys, girls, those over 
and under 12 years of limb fat thickness on 
trunk fat thickness (symbols as in Fig. 24). 
- 100 - 
We had no knowledge of this swim until it had occurred. 
The boys told me that they started to shiver intensely 
after about 40 minutes in the water and that because of 
the cold the latter half hour of the swim became almost 
intolerable. They were able to continue swimming only 
due to the encouragement of their trainer. After leaving 
the water they were actively rewarmed by being put in a 
sleeping bag and vigorously rubbed down. Shivering con- 
tinued despite this rewarming for up to 25 minutes. These 
accounts of shivering suggest considerable falls in deep 
body temperature. The 6 boys as well as 5 reserves were 
thin. ' 6 boys and 9 girls from the Wandsworth Club's 
experiment were fatter than the fattest of the 11 boys 
from Eltham. If the 11 boys from Eltham had performed 
the experiment swimming in water at 20.3°C, 4 of them 
would have had cooling rates of just greater than 0.1°C 
and would have cooled by just over 6°C in one hour. 3 
of these swam in the Channel in water at 14.5°C for one 
hour. Because of this colder water one would have expected 
cooling to be greater and that some of the swimmers would 
have had to come out before one hour. However, in the 
Channel swim, swimming-speed was much higher and therefore 
metabolic heat production greater than the Wandsworth chil- 
dren. At the same time in the water at 20.3°C vasocon- 
striction may have been incomplete in some subjects. This 
was likely in the fatter subjects where small falls in 
deep body temperature were insufficient to induce a high 
degree of vasoconstriction and therefore they lost more heat. 
As temperatures were not measured in the Channel swimmers, 
it may be that after one hour some of the boys were hypo- 
thermic to a critically dangerous level and survival was by 
chance. Until further experiments are made on children swimm- 
ing at various speeds in water at different temperatures, the 
results described here suggest that Channel swims should not be 
made by children. The Eltham Club was informed of this view 
as a solo Channel swim was going to be made in the future. 
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The role of subcutaneous fat and surface area/mass ratio 
in men and women cooling in air and water 
Subcutaneous fat thickness was shown to be a major 
factor in determining the cooling rate of children swim- 
ming in cold water. Boys generally cooled more than girls 
and have generally less overall subcutaneous fat as well 
as less limb fat for a given trunk fat. It seemed inter- 
esting to study a small group of men and women cooling 
in air, the legs immersed in cold water to accelerate 
deep body cooling. There is little information on the 7 
differences between men and women cooling in air and this 
was an opportunity to study these under carefully con- 
trolled conditions in the laboratory. Rectal temperature 
was monitored in these experiments as the Zero Gradient 
Aural Thermometer had not then been developed. Rectal 
temperature under these conditions is likely to give use- 
ful results as the rate of fall of deep body temperature 
should be small. 
The experiment was made on 5 men and 6 women aged 20 
to 23 years. A few days before the experiment, each subject 
was medically examined and height, weight and skinfold 
thicknesses measured. Subjects were asked to take as little 
exercise as possible for 18 hours before the experiment and 
all had a short distance to walk to the laboratory. They 
had no alcohol the prior evening and a light carbohydrate 
no-protein breakfast on the day. The experiment started 
at 9 a. m. 
Subjects first sat in air at 20 to 23°C clothed as 
described on page20 . Rectal temperature was monitored and 
in subjects Ml and W5, oesophageal and rectal. Heat flow 
disks were positioned on one leg (see page 22). Heat flows 
and temperatures were recorded every 10 minutes. Expired 
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air was collected in Douglas bags during the last 20 
minutes of the control period in two 10 minute samples. 
The resting metabolic rate was taken as the average of 
measurements from these two collections. Expired air 
was also collected for the first 10 minutes and two 10 
minute samples collected over the last 20 minutes of 
cooling. The metabolic response at the end of cooling 
was taken as the higher of the last two 10 minute 
collections. 
Table 12 gives the age, height, weight, surface area 
and surface area/mass ratio of each of the 11 subjects. 
Subjects were aged 20 to 23 years and there was no sig- 
nificant difference between the mean age for men and 
women. Height varied from 161 to 182 cm and. the mean 
height of the men was significantly greater than that, for 
the women. Weights varied from 48 to 89 kg and the mean 
weight of the men was significantly greater than that of 
the women. The mean surface area of the men was signifi- 
cantly greater than that of the women by about 20%. There 
was no statistically significant difference between the 
mean surface area/mass ratio of the men and the women 
although this was higher in the women. 
Table 13 gives the skinfold thicknesses at the five 
standard sites and their mean for each subject. Although 
the mean of each skinfold thickness at a particular site 
is greater in the women than the men, only the mean of fat 
thicknesses, at the calf is statistically greater in the women. 
These findings support those reported earlier (Edwards, 1951). 
The main sex difference in distribution of subcutaneous fat 
is therefore in the legs although women generally have a 
little more subcutaneous fat at any particular site compared 
with men. Individual differences in fat distribution and amount 
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TABLE 12 
AGE, HEIGHT, WEIGHT, SURFACE AREA AND SURFACE 
AREA/MASS RATIO OF 5 MEN AND 6 WOMEN 
Age 
Years 
Height 
cm 
Weight 
kg 
Surface 
Arta 
m 
Surface 
Area/Mass 
R2tio 
m /kg 
Men 
Ml 23 179.5 66.5 1.84 . 028 
M2 22 177.0 79.5 1.97 . 025 
M3 20 182.0 70.0 1.90 . 027 
M4 22 176.0 61.5 1.75 . 028 
M5 23 181.0 89.0 2.09 . 024 
Mean 22.0 179.1 73.3 1.91 . 0264 
s. e. 0.54 1.16 4.91 0.06 . 008 
Women 
W1 20 162.0 65.0 1.69 . 026 
W2 20 161.0 60.0 1.63 . 025 
W3 20 161.0 53.0 1.54 . 029 
W4 20 168.5 48'. 0 1.53 . 032 
W5 20 166.0 52.0 1.57 . 030 
W6 23 165.0 48.0 1.48 . 031 
Mean 20.5 163.0 54.3 1.57 . 0288, 
s. e. 0.54 1.39 2.79 0.04 . 001 
Sex mean 1°. 5 16.1 18.97 0.34 . 0024 difference 
p N. S. < 0.001 <0.01 40.001 N. S. 
(direct t) 
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TABLE 13 
SKINFOLD THICKNESS (mm) AT STANDARD SITES 
OF 5 MEN AND 6 WOMEN 
Biceps Calf Subscap. Subcost. Abdomen Mean 
Men 
Ml 2.83 7.9 7.75 5.88 5.0 5.87 
-M2 4.78 7.65 10.8. 20.82 \. 
4.93 9.79 
M3 5.9 6.98 11.45 16.4 12.22 10.58 
M4 2.7 12.45 7.58 9.5 5.44 7.54 
M5 10.85 13.95 27.55 32.6 24.1 21.80 
Mean 5.41 9.79 13.03 17.05 10.33 11.11 
s. e. 1.48 1.42 3.71 4.68 3.71 2.79 
Women 
wi 9.45 18.33 17.80 
W2 9.25 20.50 14.25 
W3'. 6.70 21.98 9.40 
W4 4.70 22.33 9.80 
4.95 16.38 9.25 
W6 4.35 16.60 9.55 
Mean 6.57 19.35 11.67 
s. e. 1.03 ]. 18 1.59 
Sex mean 1.16 9.56 1.36 
difference 
p 
) N. S. 
< 0.001 . N. S. (direct t 
20.90 26.50 18.60 
10.05 16.70 14.15 
11.25 21.70 14.21 
8.70 10.00 11.11 
11.78 14.58 11.38 
9.85 14.83 11.00 
12.09 17.38 13.41 
1.99 2.62 1.31 
4.96 3.05 2.30 
N. S. N. S. N. S. 
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very widely in both men and women and there is considerable 
overlap. It is likely, therefore, that there would be 
little difference in cooling rates in men and women from 
the population as a whole due to differences between the 
sexes of amount and distribution of subcutaneous fat. 
Individual differences in subcutaneous fat have a marked 
effect on cooling rates. The effect of age on the amount 
of subcutaneous fat is likely to be more important than 
sex differences. The 5 men and 6 women studied were reason- 
ably representative of the population of young adults in 
Great Britain. 
Figure 30' shows oesophageal and rectal temperatures 
during cooling in subjects Ml and W5. Rectal temperature 
may be expected to be lower than arterial blood temperature 
in these conditions because of the possibility of local 
cooling of the pelvic organs by cooled venous blood return- 
ing to the heart from the exercising legs. Oesophageal 
temperature may also be lower than arterial blood tempera- 
ture, because of local cooling, by inspired air and swal- 
lowed 'saliva. With the low rate of fall of deep body 
temperature rectal should not lag behind oesophageal temp- 
erature significantly. These two results indicate that 
after two hours cooling, change in rectal was closely 
related to change in oesophageal temperature and local 
effects were not more marked at one. site than another. In 
both subjects the change in rectal temperature under-estimated 
that in oesophageal slightly. 
Table 14 gives rectal temperatures before and after 
two hours cooling for each of the subjects. Control and 
metabolic rates during the first 10 and last 20 minutes of 
cooling are shown. 
I 
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TABLE 14 
RECTAL TEMPERATURES (OC) AND METABOLIC RATES 
(KCAL/MIN) MEASURED BEFORE AND WITH A 
2 HOUR PERIOD OF GENERAL COOLING 
Rectal 
Control 
Temperature 
2 hr. Change 
Metabolic Rate 
Control Initial= Final" 
Men 
Ml 37.50 36.80 -0.70 1.19 4.46 4.73 
M2 37.25 37.50 +0.25 0.88 6.17 3.64 
M3 37.40 37.60 +0.20 1.50 5.22 7.17 
M4 37.45 37.05 -0.40 1.58 7.62 7.34 
M5_ 37.40 37.70 +0.30 2.81 - 6.99 6.77 
Mean' 37.40 37.33 -0.09 1.59 6.09 5.93 
s. e. 
Difference 0.07 4.50 0.16 
s. e. 0.20 0: 51 0.72 
P 
(paired t) U. S . 
< 0.001 N. S. 
Women 
wi 37.25 37.25 0 1.17 2.57 4.41 
W2 37.25 37.35 +0.10 1.03 2.82 2.08 
W3 37.40 37.05 -0.35 0.99 3.33 2.68 
W4 37.55 36.65 -0.90 1.16 1.68 2.65 
W5 37.70 37.10 -0.60 0.86 1.52 3.09 
W6 37.15 36.80 -0.35 1.32 1.30 3.02 
Mean 37.38 ' 37.03 -0.35 1.09 2.20 2.98 
s. e. 
Difference 0.35 1.11 0.78 
s. e. 0.15 0.36 0.48 
p 0.1 < 0.05 
(paired t) < 0.05 N. S. 
Sex mean 0.02 0.30 0.26 0.50 3.89 2.95 difference 
p N. S. N. S. (direct t) N. S. N. S. 0.001 <0.005 
" Initial metabolic rate measured during first 10 minutes 
of cold exposure. 
+" Final metabolic rate measured during last 20 minutes 
of cold exposure. 
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With 3 of the men rectal temperature rose after 2 
hours cooling. There was no significant change in mean 
rectal temperature of the men before and after cooling. 
In the. women however, rectal temperature generally fell 
with cooling, by an average of 0.35°C. The largest fall 
in rectal temperature was 0.9°C in a woman, W4, and in 
one man, M5, rectal rose by 0.3°C. There was no signifi- 
cant difference in mean rectal temperature in the men and 
women before and after cooling. 
The mean of the resting metabolic rates was not sig- 
nificantly different in the men and women. However, the 
mean of metabolic rates during the first 10 minutes and 
the last 20 minutes of cooling was significantly greater 
in the men. The mean metabolic rate of the men increased 
by 4.5 kcal/min from resting to the initial response to 
cold, an increase of about 4 times. This metabolic res- 
ponse to cold was maintained throughout cooling and was 
not significantly different during the last 20 minutes. 
The mean initial response of the women, however, was by 
only 1.1 kcal/min to about double the resting mean value. 
The metabolic rate in the last 20 minutes of cooling in 
the women was generally higher than the initial response by 
an average of 0.78 kcal/min. The initial metabolic response 
in both the men and the women was probably due to stimula- 
tion of superficial skin receptors. The increase in meta- 
bolic rate with cooling in the women is probably due to 
stimulation of the deep cold receptors as rectal temperature 
fell slowly. The essential sex difference was the greater 
metabolic response to cold in the men. The smaller metabolic 
response in the women was associated with greater falls in 
rectal temperature than the men. One man, Ml, had a smaller 
metabolic response than the other men and the largest fall 
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in rectal temperature of 0.7°C of the men. This fall in 
rectal temperature did not result in a further increase 
in metabolic rate in this subject. Although the women 
were generally slightly fatter than the men, the thinnest 
two women had the greatest falls in rectal temperature. 
The thinnest man, Ml, had the largest fall in rectal 
temperature of the men. The amount of subcutaneous fat 
as well as-the metabolic response to cold was important 
in determining the cooling rate although the two were not 
associated. The metabolic response in all subjects seemed 
to be largely due to stimulation of superficial skin receptors. / 
Table 15 gives the heat flow measured over the two stan- 
dard sites one and two hours after the start of cooling. 
Because the women had much greater subcutaneous fat thick- 
ness on their legs than the men, it was expected that the 
women would loose less heat from their legs. immersed in cold 
water. However, there was no significant difference in heat 
loss from the legs of the men and women. Any sex differences 
must be due to variations in heat losses from body to air 
rather than variations of heat losses from the legs to water. 
Heat loss from each site decreased between the one hour and 
two hour readings. This indicated progressive vasoconstric- 
tion in the skin site (over the tibia) as well as in the skin 
and muscle site (over the calf). At both one and two hours 
heat loss was significantly greater at the calf site compared 
with the tibia. This suggested increased heat loss from 
immersed exercising muscle and supported previous work 
(Keatinge, 1961). 
The greater falls in rectal temperature of the women is 
not due to differences in heat loss from the legs to water 
and is mainly due to their lower metabolic response to cold 
than the men. Because the women were lighter and had smaller 
surface areas than the men, differences in surface area/mass 
ratio could also be important in explaining different cooling 
rates of the sexes. 
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TABLE 15 
HEAT LOSS (CAL/CM2/8C/HR) FROM STANDARD SITES 
AFTER 1 AND 2 HOURS COOLING 
1 
Calf 
hour 
Tibia 
2 
Calf 
hours 
Tibia 
Men 
M1 0.296 0.162 0.33`3 0.164 
M2 0.100 0.084 0.062 0.071 
M3 0.068 0.023 0.023 0.009 
M4 0.135 0.033 0.057 0.013 
M5 0.102 0.064 0.062 0.053 
Women 
W1 0.147 0.108 0.044 0.043 
W2 0.141 0.114 0.100 0.082 
W3 0.077 0.084 0.042 0.051 
W4 -0.154 0.130 0.182 0.103 
W5 0.167 0.164 0.136 0.138 
W6 0.199 0.118 0.172 0.112 
Mean 0.144 0.098 0.110 0.072 
Difference 0.046 *0.034 **0.026 0.038 
s. e. 0.013 0.012 0.005 0.016 
P <Q. 005 <0.02 <0.001 < 0.005 
(paired t) 
Difference, calf (1 hour) - calf (2 hours) 
Difference, tibia (1 hour) - tibia (2 hours) 
No significant differences between sexes. 
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Figure 31 shows the relationship between fall in 
rectal temperature and mean reciprocal fat thickness. 
The regressions for men and women are shown. The regres- 
sions were both significant, p. < 0.025 and the lines 
differed in elevation p< 0.05, but not in slope. The 
regression for all 11 subjects was not significant and 
the correlation was 0.61. Fall in rectal temperature 
was greater in the thin subjects. Women cooled more 
than men of similar fat thickness. The higher cooling 
rates of the women could therefore be due to higher sur- 
face area/mass ratios as well as a lower metabolic res- 
ponse to cold. 
Figure 32 shows the relationship between fall in 
rectal temperature and fat thickness allowing for differ- 
ences in surface area/mass ratio. Both regressions were 
significant, p< 0.02 and the lines differed in elevation, 
p40.05, but not in slope. The regression for all 11 
subjects was significant, p< 0.05, and the correlation 
was 0.66. Even after allowing for differences in surface 
area/mass ratio the women cooled more than the men of 
similar fat thickness and surface area/mass ratio. This 
higher cooling rate in the women must be mainly due to 
their smaller metabolic response to cold. 
Subcutaneous fat was therefore a major factor which 
determined cooling rates of both men and women in air. 
Differences in surface area/mass ratio were of some import- 
ance in that the correlatianof fall in rectal temperature 
and fat thickness was increased and the regression for the 
group became significant when the surface area/mass ratio 
. was-allowed-for. 
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The cooling rates of the adults in air was much 
smaller than those of the children in water. The adults 
cooled at slightly more than 0.010C/min. in one subject 
who had the highest cooling rate while the highest cooling 
rate of the children was about 0.1°C/min., a tenfold 
difference. This is despite the children having been in 
a warmer environment and exercising. The loss of insul- 
ation by immersion in water increased the rate of cooling 
as did exercise of the thinner younger subjects. Man can 
survive longer and in colder environments in air compared 
with water because of the inert layer of trapped air which 
is lost on immersion. The results suggested that women 
may have shorter survival times than men in cold air but 
that sex differences were of minor importance in deter- 
mining survival in water. The major factor which determines 
survival in both air and water is the amount of subcutaneous 
fat. Shivering in water may increase heat loss because of 
the increased muscle blood flow in the same way as exercise 
but in dry air, an increase in metabolic heat production by 
shivering or exercise reduces heat loss and must prolong 
survival times provided the individual does not become 
exhausted. 
i 
ýý 
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DISCUSSION .I 
SECTION ONE - THE ESTIMATION OF DEEP BODY TEMPERATURE 
1. Oesophageal Temperature 
The conclusions drawn from the experiments which investi- 
gated the reliability of sublingual and aural temperature 
determinations depended on the assumption that oesophageal 
temperature reflected changes in arterial blood temperature 
closely, with negligible lag in the experimental conditions 
which were used. 
In sheep it was demonstrated that the temperature in the 
lower third of the oesophagus reflected temperature changes 
in the right atrium and cerebral cortex closely with little 
lag during rapid cooling, stabilisation and rewarming (Hercus, 
Cohen and Bowring, 1959). 
In man, cooling rapidly, it has been shown that lower, 
oesophageal temperature reflected para-aortic and aortic 
blood temperature within 0.250C (Cooper and Kenyon, 1956). 
In children cooled for cardiac surgery oesophageal was 
always within 0.20C of that of the cerebral cortex (Cohen 
and Hercus) 1959). 
In adults undergoing neurosurgery without hypothermia, 
lower oesophageal temperature was closer to deep cerebral 
temperature than readings taken in the upper oesophagus 
(Whitby and Dunkin, 1971a). 
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Other workers have similarly shown that the lower oeso- 
phagus is more reliable than the upper because local cooling 
could occur in the latter from cold air in the trachea 
(Cranston, Gerbrandy and Snell, 1954; Whitby and Dunkin, 1969). 
The fall in temperature which occurred in the upper oesophagus 
could be up to 60C in cases of hypothermia (Whitby and Dunkin, 
1971b). 
It was shown that although the longitudinal oesophageal 
temperature gradient was small in children less than one year 
old, the. lower oesophagus was the best site to estimate deep 
body temperature in that age group as well as in children up 
to the age of twelve (Whitby and Dunkin, 1970). 
It therefore seemed that it was especially important that 
the lower oesophagus be used to estimate deep body temperature 
and that thermometers used at this site reliably reflected 
changes in aortic blood temperature in normothermic and hypo- 
thermic men. In the experiments here presented, the lower 
oesophagus was used to measure deep body temperature. 
Positioning of the probe was by external measurement so 
that the probe was at or just below heart level and this was 
usually at about 38 cms from the external nares in men and 
women of average build. The average distance in adults from 
the upper incisors to the cardia of the stomach has been shown 
to be 40 cms. (Jackson and Jackson, 1950). In some studies 
(Cranston, Gerbrandy and Snell, 1954; Gerbrandy, Snell and 
Cranston, 1954) the oesophageal probe was sited in all sub- 
jects 47 cros from the lips. It was therefore likely that in 
any small subjects used in those experiments the probe was 
in 
the stomach. It seemed best to judge the depth of insertion 
for each subject depending on his size and shape rather than 
rigidly using a fixed depth from a particular landmark. 
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There. seem to be no reports of experiments which demon- 
strate that-the lower oesophagus reflects changes in arterial 
blood temperature accurately in conditions where the head is 
cooled. In ordinary room air it was shown that swallowing 
caused small falls in oesophageal temperature (Gerbrandy, 
Snell and Cranston, 1954) and this was probably due to local 
cooling by saliva. In the experiments described in this 
thesis, exposure of the head to cold air resulted in an 
increased flow of cold saliva with the mouth closed, and on 
swallowing, falls in oesophageal up to 0.8°C occurred. With 
the mouth open even larger falls in oesophageal temperature 
occurred on swallowing. In all experiments therefore, swal- 
lowing did not take place for the thirty seconds before an 
oesophageal reading was taken and the mouth was closed the 
whole time oesophageal was monitored in all experiments. 
Large errors in the estimation of deep body temperature deter- 
mination from the oesophageal site are likely to be produced 
unless the effect of swallowing is taken into account in con- 
ditions where the head is cooled. It was assumed that there 
could not be any other local effect on the lower oesophagus 
by cooling the head and that temperatures recorded from this 
site accurately reflected those of aortic blood. 
-During the first experiments on local effects on sub- 
lingual temperature, a small rise in oesophageal temperature 
was often seen on initial exposure to cold air, and a small 
fall on initial exposure to warm air. These changes were UP 
to 0.25°C. This seemed to be the "paradoxical behaviour" Of 
oesophageal temperature similar to that described for rectal 
temperature (Glaser, 1949). He noted a slight temporary 
increase in rectal temperature on cooling and a decrease on 
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warming and concluded that this was a local effect. It was 
thought that the reflex dilatation round the rectum which 
occurred on sudden exposure to heat caused more heat to be 
lost from this area than was necessary and sublingual and 
rectal temperatures were seen to fall slightly provided that 
the warm air temperature was cooler than that of the skin. 
The reverse argument applied for the paradoxical rise of 
rectal in the cold. Another theory of Glaser's was that 
sudden warming of the legs resulted in a rapid increased 
flow of cold blood from the muscles of the. legs to the haemo- i 
rrhoidal plexus and mesenteric vein. Both these theories 
explained the paradoxical behaviour of rectal temperature 
as local effects and not true changes in deep arterial blood 
temperature. However, it seems more likely that the para- 
doxical behaviour of rectal 
temperature has a similar mech- 
anism to that of oesophageal and that it is a true deep body 
temperature effect possibly due to an exaggerated vasocon- 
strictor or vasodilator response of skin arterioles to sudden 
exposure to heat or cold. 
The paradoxical rise in oesophageal on exposure to cold 
was generally greater with the head insulated than when it 
was not. This was probably due to the elimination to a large 
extent of the local cooling effect of saliva on oesophageal 
temperature by the insulation of the head. The paradoxical 
behaviour of oesophageal temperature in the cold is likely to 
have been masked in other experiments unless great care was 
taken to prevent oesophageal cooling by saliva. 
The paradoxical behaviour of oesophageal temperature has 
not been reported in the literature. Preliminary experiments 
showed that the insertion of an oesophageal probe resulted in 
a great increase in saliva flow rate which was maintained for 
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at least 30 minutes and which was probably associated 
with an increased swallowing rate. 'Short term experiments 
on parotid saliva cannot be easily made with an oesophageal 
probe inserted and swallowing of cold saliva must certainly 
be controlled before oesophageal readings are taken to 
eliminate the saliva cooling effect. 
Although oesophageal temperature measured in the lower 
oesophagus accurately reflected arterial blood temperature, 
it has severe limitations for clinical use. For each subject 
used in the present experiments two others were unable to 
take part because they found it impossible to swallow the 
oesophageal probe because of nausea induced by reflex stim- 
ulation of the soft palate and pharynx. In conscious pat- 
ients, oesophageal temperature is obviously impracticable. 
In hypothermic man, sudden handling of the myocardium may 
precipitate ventricular fibrillation (Lloyd and Mitchell, 
1974) and it may be dangerous to insert oesophageal and 
tracheal probes in such cases. Nevertheless oesophageal 
temperatures are widely measured in unconscious patients 
during operations and providing these do not involve hypo- 
thermia there is probably no risk to these patients. 
2. Rectal Temperature 
The measurement of rectal temperature is widely used 
to estimate deep body temperature. It is a convenient but 
embarrassing site but has major disadvantages when accurate 
values of deep arterial blood temperature are required. 
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The depth to which a rectal probe should be inserted 
to obtain best results has not been ascertained. In eight 
men-(Mead and Bonmarito, 1949) variations between 0.1 to 
1.5°F were produced in the temperature recorded from the 
rectum depending on the depth of insertion and that these 
gradients were at a maximum with the deep body temperature 
falling. On the other hand, two other studies (Nielsen 
and Nielsen, 1962; Cooper and Kenyon, 1956) failed to 
demonstrate any difference in rectal temperature measured 
at various depths. In all experiments presented in this 
thesis rectal probes were inserted to a depth of 10 ems 
from the anal, margin. 
There is a small danger of perforating the rectum with 
a rigid probe (Blanchard et al, 1971) but this author was 
only able to find 9 documented cases in the literature and 
nevertheless recommended the disuse of rectal thermometry 
particularly in babies. The main problem with rectal thermo- 
metry in babies is that the probe is very difficult to main- 
tain in position for monitoring and is expelled frequently 
with defaecation. 
The major disadvantage of rectal thermometry is that 
rectal temperature lags considerably behind deep arterial 
blood temperature especially when the latter is changing 
rapidly. Rectal temperature lagged behind arterial tempera- 
ture by 16 Minutes during heavy exercise (Mellette, 1950). 
Simultaneous monitoring of tympanic membrane and rectal 
temperatures while subjects were immersed for one hour in 
water at different temperatures showed that changes at the 
tympanic membrane occurred faster and were greater than those 
noted in the rectum (Craig and Dvorak, 1968). In patients 
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cooled during an operation rectal temperatures fell more 
slowly than oesophageal and the difference between the two 
was as much as 2.3°C at an oesophageal temperature of 31.1°C 
(Cooper and Kenyon, 1956). In twenty patients where rectal, 
tympanic, oesophageal and stomach temperatures were moni- 
tored, rectal temperature was always highest in a steady 
state and during cooling but always lagged and was lowest 
during rewarming when the rate of change of body temperature 
was greatest (Molnar and Read, 1974). The experiments des- 
cribed in this thesis showed that rectal lagged behind 
oesophageal temperature with rapid body heating to a greater 
extent than sublingual and that this rectal lag was indep- 
endent of external air temperature. 
Rectal lag was therefore most marked with rapid changes 
in deep body temperature and it was assumed that with the 
very low rates of change of deep body temperature in the 
experiments where men and women were cooled in air, that this 
'lag effect could be regarded as minimal but would be taken 
into account when considering the implications of small changes 
in rectal temperature. 
In experimental and clinical situations where rates of 
change of deep body temperatures can be expected to be large 
it is recommended that rectal temperature should not be used 
as the errors produced due to its lagging behind true deep 
body temperature could put a patient or volunteer at risk. 
This recommendation can now be made more forcefully because 
of the development of a more convenient and more accurate 
method in the Zero Gradient Aural Thermometer. 
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It has long been known, but not explained, that in 
adults in steady thermal state, the rectal temperature 
is 
higher than any other temperature measured, including 
intracardiac temperature (Molnar and Read) 1974). Rectal 
temperature was nearly always higher than oral temperature 
(Strydom et al, 1956; Tanner, 1951; Cranston, Gerbrandy 
and Snell, 1954). The rectal-sublingual difference could 
either be due to a local cooling effect on the mouth or 
local heating at the rectum and to explain this difference 
one has to look carefully at the results 
'Of experiments 
which have been done where rectal and intracardiac temp- 
eratures have been simultaneously monitored. 
It has been suggested (Nielsen and Nielsen, 1962) that 
the higher rectal temperature than oesophageal temperature 
was due to the higher temperature of venous blood returning 
from the excercising muscles of the legs. At the end of 
submaximal work for one hour in 7 subjects rectal temperature 
was on average 0.14°C higher than oesophageal (Saltin and 
Hermansen, 1966) and it was further shown (Saltin, Gagge 
and Stolwijk, 1968) that during steady state exercise the 
temperature measured 6 cros deep in the quadriceps muscles 
was closely correlated with the rectal temperature. There 
is evidence, therefore, that local heating of the rectum 
can occur where the legs are exercised in air. 
It has been suggested (Mead and Bonmarito, 1949) that 
local cooling of the rectum could occur by cold venous blood 
returning from the legs. Simultaneous measurements of ear 
and rectal temperature 
in 10 subjects immersed with the head 
out of the water in water at 24 to 35°C (Craig and Dvorak, 1968) 
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showed that rectal temperature tended to be lowered by the 
exercising of the legs and that changes in tympanic mem- 
brane temperature suggested that the increased heat produc- 
tion associated with exercise effectively buffered the 
cooling due to immersion in cold water. These authors 
suggest that the fall in rectal temperature which has been 
shown (Keatinge) 1961a) in men exercising in cold water 
was due to local cooling of the rectum by blood from the 
legs. In those experiments in which I monitored simul- 
taneous oesophageal and rectal temperature with the legs 
immersed and exercising in cold or hot water there was no 
evidence of any local heating or cooling effect on the 
rectum. The extent to which local cooling and heating of 
the rectum can occur needs yet to be carefully investigated 
and it is probable that this effect is clinically and experi- 
mentally insignificant. 
In steady state conditions rectal temperature was 
always slightly higher than intracardiac temperature'(Eichna, 
Berger, Rader and Becker, 1951). These authors also demon- 
strated that the temperature of the blood in the veins 
draining the liver and brain was higher than in the veins 
into which they drain and was very close to rectal temp- 
erature. The higher rectal temperature compared with intra- 
cardiac temperature may therefore be due to higher local 
metabolism. Grayson (1951) showed that changes in rectal 
temperature correlated closely with changes in rectal blood 
flow. Intravenous adrenaline produced a fall in rectal blood 
flow as well as rectal temperature and he argued that intest- 
inal blood flow changes could cause changes in rectal temp- 
erature analogous to the changes produced in skin temperature 
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by changes in skin blood flow. The higher rectal temper- 
ature in steady state conditions in adults compared with 
intracardiac blood temperature may therefore be due to 
differences in blood flow between the two regions. Ear 
temperature in newborn infants measured using the Zero 
Gradient Aural Thermometer (Cross and Stratton, 1974) 
was always 0.15 to 0.2°C higher than oesophageal. Rectal 
temperature was always lower than oesophageal measured in 
a neutral environment. These workers concluded that the 
higher ear temperature must be due to a high rate of local 
metabolism compared with the rectal area and calculated 
that brain metabolism was responsible for 70% of the heat 
production of the newborn infant. It may be, therefore, 
that in the adult, the higher rectal temperature is due 
to a relative decrease of brain metabolic rate with age 
associated with an increase in local metabolism round the 
rectum but further work is needed to prove this theory. 
For clinical purposes rectal temperature measurements 
are probably of use for estimating deep body temperature 
to within about 2°C but rectal lag can introduce large 
errors where rates of change of body temperature are great. 
Care must be taken in interpreting small changes of rectal 
temperature in conditions where the legs are locally cooled 
or heated. It is suggested that the Zero Gradient Aural 
Thermometer is a more accurate alaternative to rectal 
temperature monitoring in widely varying environmental con- 
ditions both for experimental and clinical work. 
- 125 - 
3. Sublingual Temperature 
It has long been known that sublingual temperature is 
nearly always lower than rectal temperature (Pembrey, 1898; 
Tanner) 1951; Cranston, Gerbrandy and Snell, 1954; Gerbrandy, 
Snell and Cranston, 1954; Strydom et al, 1955-56; Strydom 
et al, 1965) Because of the larger variability in steady 
state conditions of sublingual temperature compared with 
rectal, it has often been assumed that rectal temperature 
more accurately reflected changes in deep body temperature. 
Because rectal temperature tended to lag considerably behind 
rapidly changing deep arterial blood temperature, the rectum 
cannot be used as a site to monitor deep body temperature 
when studying the short term local effects of the environment 
on sublingual temperature.. The results presented in this 
thesis show a marked local effect on sublingual temperature 
particularly in cold environments but also at room tempera- 
ture. These results cast doubt on the use of sublingual 
temperature for accurate determination of deep body temp- 
erature under ordinary clinical environmental conditions. 
These results showed that sublingual temperature was closest 
to oesophageal temperature in environments of about 30°C. 
Such warm conditions are rarely encountered in clinical 
practice. 
It has long been known that exposure to cold air caused 
a fall in sublingual temperature (Davy, 1845) but this worker 
concluded that this was a true deep body temperature effect. 
Even with the mouth firmly closed for 8 minutes it was shown 
that low sublingual temperatures were produced in cold climates 
and it was assumed that this was due to cooling by inspired 
air as well as direct cooling through the cheeks (Pembrey)1898). 
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More recently it was demonstrated (Fox et al, 1971) that 
mouth temperatures of 35°C and below were found after short 
exposure to cool conditions with no change in rectal temp- 
erature. These authors recommended the use of urine temp- 
erature determination to assess hypothermia in clinical 
practice.. However, it is only by demonstrating no change 
in oesophageal temperature during short exposures, to diff- 
erent environments that any local effect on sublingual 
temperature can be conclusively demonstrated. 
The assessment of deep body temperature using the 
sublingual site in clinical practice today is based on very 
tentative scientific evidence and the local effects on 
sublingual temperature are often ignored. Davy (1845) 
measured his own sublingual temperature on many occasions 
through a one year period under varying conditions and the 
average of all these results was 98.4°F with the average 
0 
air temperature 55.5 F. This value of 98.40F is widely 
regarded as either the upper limit of normality above which 
a state of pyrexia is said to exist or as some average temp- 
erature. The fact that thermometers and temperature charts 
still have special warning marks or a red line at this 
temperature emphasises the first sentence of this paragraph. 
The Royal College of Physicians (Report. 1966) recommended 
that sublingual temperature should be taken as soon as 
possible after arrival at hospital and if this was less than 
35°C further investigation should be made. No reference to 
any possible local cooling effect was made in this report. 
A British Medical Association Memorandum on Accidental Hypo- 
thermia (1964) recommended the use of low reading clinical 
thermometers and that sublingual temperatures should be 
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measured. In one large study of accidental hypothermia in 
old people (Eddy et al, 1970) sublingual temperatures were 
measured in cold climates at home and compared with control 
patients living in centrally heated rooms. These authors 
realised that sublingual temperatures may be subject to 
environmental temperature effects but nevertheless con- 
eluded that the low sublingual temperatures in the colder 
environment indicated potential hypothermia. Another study 
(Salvosa et al, 1971) studied old people at home using sub- 
lingual temperatures and concluded that the low mouth temp- % 
eratures were an indication of "efficient conservation of 
deep body heat by reduction of peripheral circulation". 
Yet another survey (Public Health Report, 1968) used sub- 
lingual temperatures and defined hypothermia as any subject- 
with a "body" temperature below 95°F. Even in a detailed 
study of channel swimmers (Pugh et al, 1960) sublingual 
temperatures were measured as soon as possible after the 
swimmers left the cold water although rectal temperatures 
were also measured. On the other hand fever has been defined 
as any sublingual temperature above 99.2°F (Petersdorf, 1968). 
A detailed study of the local effects on sublingual 
temperature should help doctors to assess the limitations 
of sublingual temperature which is one of the most widely 
used clinical tools. 
Very little detailed work on this subject has been 
reported in the literature. Using a calorimeter covering 
the head (Froese and Burton, 1957) it has been shown that 
at -4°C environmental. temperature, heat loss from the head 
may account to half the total resting heat production in 
man. These workers could demonstrate no vasoconstriction 
in the head when cold stimuli only were directed at the 
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head or even when the rest of the body was in a general state 
of vasoconstriction. On the other hand, sublingual temp- 
erature invariably fell during fainting (Snell, Cranston 
and 'Gerbrandy, 1955) and this fall was attributed to a 
reduction in blood flow through the mouth due to massive 
vasodilatation. With the head and arms cooled while the 
rest of the body was heated (Bayliss, Dicker and Eggleton, 
1964) it was shown that. sublingual temperature could be up 
to 2°C below tympanic membrane temperature due to local 
cooling but there was also some local cooling of the tymp- 
anic membrane. Using an infra-red scanning unit (Berry and 
Yemm, 1971) it was shown that in air at 200C the warmest 
areas of the face were round the external auditory meatus and 
just below the mandibular angle while the cheeks and around 
the lips were the coldest areas. The present experiments 
showed that local cooling was due mainly to the increased 
flow of cooled saliva rather than cooling from inspired air. 
In three subjects where saliva collections were made 
every three days for a year it was shown (Louridis et al, 
1970) that the mean resting saliva flow rate was higher in 
colder environments. On the other hand no difference in 
flow rate was demonstrated in men living in the Antartic 
compared with when they were living in America during a warm 
summer (Hawkins and Zipkin, 1964). In both these studies 
mixed saliva was collected by spitting into weighed con- 
tainers after accumulation in the mouth for a fixed period 
of time. " Parotid flow rate was greater in the winter than 
in the summer (Shannon, 1966) but this was attributed to a 
relative dehydration in the summer heat. In another study 
on the effects of the climate on parotid flow rates (Smirnov 
and Skliarchik, 1957), a decrease in both resting and stim- 
ulated parotid flow rate was demonstrated in the warmer 
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climates and this was attributed to a slight restriction of 
fluid intake in the hot climates. Moving from a warm to a 
colder room caused an increased flow of parotid saliva 
(Dorodnitsina, 1937) and this seems to be the only reported 
experiment on the short term effect of local cooling of the 
head on parotid flow rate. There seems to be no reports 
of measurements of the temperature of the saliva as it leaves 
the parotid gland. It has been demonstrated that when a 
rubber bag filled with ice was applied to the left cheek 
in one subject a fall in temperature occurred on the inside 
of the opposite cheek (Burton-Fanning and Champion, 1903). 
My experiments showed that on exposure to cold air for 30 
minutes there was a more than doubling in the parotid saliva 
flow rate associated with a fall in saliva temperature as 
well as sublingual temperature. The increased flow in 
parotid saliva is likely to be a major factor contributing 
to the local cooling of the sublingual area. The mechanism 
of this increase of saliva flow rate is unknown. 
In the heat, rats spread saliva over their skin which 
counteracts the rise in deep body temperature (Elmer and 
Ohlin) 1970; Hainsworth and Stricken, 1971). These workers 
showed that the secretion elicited by heat stress was med- 
iated mainly by the parasympathetic nerves although the 
sympathetic fibres also take part. In cats, dogs and rhesus. 
monkeys it was shown that the sympathetic nerves in the 
salivary glands supplied the blood vessels while the inner- 
vation of the glandular elements was mainly parasympathetic 
(Kuntz and Richins, 1946). In the cat, direct or reflex 
stimulation of the parasympathetic nerve supply to the paro- 
tid gland resulted in a marked increase in saliva flow 
(Richins and Kuntz, 1953). These workers demonstrated that 
sympathetic stimulation also produced a small amount of 
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secretion. In man it is generally believed that the increase 
in flow of parotid saliva in response to taste stimulation is 
mediated exclusively by the parasympathetic division of the 
autonomic nervous system (Kerr, 1961). It was demonstrated 
by differential staining techniques (Eneroth, Hokfelt and 
Norberg, 1969) that the parenchymal cells of the parotid 
gland received double innervation from both the sympathetic 
and parasympathetic and they showed both types of axon running 
within the same Schwann cell to the same parenchymal cell. 
In man, salt containing taste stimuli with the parasympathetic, 
system blocked with high doses of atropine caused an increased 
flow of parotid saliva and it was concluded that this increased 
flow was mediated via the sympathetic nervous system (Dawes 
and Jenkins, 1964). The differential role of the sympathetic 
and parasympathetic nervous supply to the parotid gland has 
not been clearly elucidated in man. 
The increase in flow of parotid saliva described in 
the present work in response to cold stimulation of facial 
skin receptors and direct cooling of the parotid gland was 
much smaller than that secondary to taste stimulation in man 
(Dawes and Jenkins) 1964). Other taste stimuli apart from 
high concentrations of salt in man result in a massive increase 
in flow via the parasympathetic nervous system (Dawes, 1969). 
Since the reflexes elicited in response to cold stimulation of 
the skin in man are mediated mainly by the sympathetic nervous 
system and motor neurones, it seems reasonable to suggest that 
the small increase in flow of parotid saliva secondary to cold 
stimulation is also via the sympathetic. In the cat occlusion 
of the blood supply to the parotid glands always prevented 
secretion due to sympathetic stimulation (Richins and Kuntz, 
1953). Presumably direct cooling of the parotid glands to any 
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marked extent in-man will cause vasoconstriction of the 
blood-vessels therein but this effect will probably not 
occur unless the subject has been in a very cold environment 
for a long time. The almost immediate increase in parotid 
saliva flow rate seen in the present experiments-suggested 
that this was a nervous reflex and further experiments should" 
be made to-discover the precise pathway of this reflex. 
It is suggested, therefore, that the most reliable 
-estimates of deep body temperature using the sublingual site 
can be obtained by inserting a thermometer as far back under 
the tongue as possible and leaving it at this site for at 
least five minutes and ideally until a stable reading is 
attained. To minimise any local cooling effect, the subject, 
should be in a warm room in an air temperature at about 30°C. 
4. Ear Temperature 
Temperature recorded from the tympanic membrane closely 
paralleled changes in oesophageal temperature (Benzinger, 1959; 
1969; Dickey et al, 1970). However, in patients undergoing 
operations it was shown that oesophageal temperature was the 
more sensitive method of recording rapidly changing small 
increments in deep body temperature (Wilson et al, 1971; 
Nadel, Bullard and Stolwijk, 1971). There was nearly always 
pain when a probe touched the tympanic membrane (Craig and 
Dvorak, 1966) and recently three cases have been described 
of perforation of the tympanic membrane following the use of 
tympanic membrane thermometry (Wallace et al, 1974). In the 
cat hypothalamic temperature was always higher than tympanic 
membrane temperature and changes in temperature opposite in 
direction at the two sites were demonstrated with bilateral 
carotid occlusion (Randall et al, 1963; McCook et al, 1965). 
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However, in the rhesus monkey, simultaneous hypothalamic 
and tympanic membrane temperature measurements showed that 
the temperature at the tympanic membrane closely paralleled 
rapid fluctuations of hypothalamic temperature and like the 
cat was always below hypothalamic temperature by up to 0.5°C. 
Local cooling and heating of the tympanic membrane can occur 
when air temperature was rapidly changed from 10 to 45°C in 
man (Nadel and Horvath, 1970). 
The major disadvantages, therefore, of tympanic ther- 
mometry in man are the pain caused by positioning the probe, 
difficulty in maintaining the position of the probe, and the 
risk of perforation of the ear drum. The local effect of 
environmental temperature is easily overcome. by insulation 
of the ear and the perfect insulator is a servo-controlled 
heat pad. Despite the possibility that under certain cir- 
cumstances in the cat that the temperature of the tympanic 
membrane does not reflect that in the hypothalamus, temp- 
eratures from this site have been shown to parallel changes 
in oesophageal very closely and this site has been widely 
used to monitor deep body temperature in clinical situations. 
The major advantage of the external auditory canal 
compared with the tympanic membrane is comfort. However, 
without insulation over the ear temperature from the external 
auditory canal was shown to be consistently below sublingual 
(Williams and Thomson, 1948) and there was a considerable 
temperature gradient down the wall of the meatus (Cooper, 
Cranston and Snell, 1964) with a marked local cooling effect 
in cold air (Greenleaf and Castle, 1972). Insulation of the 
ear using a thick pad reduces the local cooling effect (Bradbury 
et al, 1964) and this insulation must be very thick using cotton 
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wool and foam, the whole head enclosed in a plastic hood 
leaving only the facial area exposed (Fox, 1972). Inert 
insulation has the two major problems of firstly being very 
cumbersome and secondly, however thick the insulation is 
made, cooling must occur in time. 
The Zero Gradient Aural Thermometer overcame these 
problems and is likely to be a useful device for monitoring 
deep body temperature in patients and in experiments with 
-short exposure to cold. The relatively long stabilisation 
times using the Zero Gradient Aural Thermometer probably 
precludes its use for spot readings of deep body temperature, 
and sublingual temperature, carefully measured, is the best 
method for obtaining a spot deep body temperature if the 
errors inherent in using this site are borne in mind. The 
Zero Gradient Aural Thermometer has been shown to be useful 
in monitoring deep body temperature for more than sixty hours 
in a premature baby with hypothermia on positive pressure 
ventilation (Cross and Stratton, 1974). The larger pad used 
with the prototype device was more satisfactory than the 
Zero Gradient Aural Thermometer in two respects. Firstly, 
stabilisation times were generally much faster. Secondly, 
the power to the pad was greater so that colder environments 
could be tolerated. Additional insulation can be used with 
the Zero Gradient Aural Thermometer in air temperatures less 
than 100C. A larger heating unit in the Muirhead device would 
have meant that the batteries were so heavy that the machine 
was no longer portable. Therefore a compromise was made. For 
most clinical situations where deep body temperature needs to 
be monitored the Zero Gradient Aural Thermometer is ideal 
because readings parallel rapid changes in oesophageal temp- 
erature closely; it is comfortable; the mouth is left free 
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for communication and measurement of metabolic rates. Its 
use with the newborn has even greater advantages as a rectal 
probe is very difficult to maintain in position in the baby 
and in fact the Zero Gradient Aural Thermometer is the sim- 
plest and most convenient method available for use in the 
neonatal period during which the risk of hypothermia is con- 
siderable. 
5. Thermometry 
The Mercury in Glass Clinical Thermometer 
The first clinical thermometer was introduced in 1582 
by Sanctorius and was one foot long and took 25 minutes to 
register sublingual temperature. Clifford Allbutt, in 1867, 
designed a clinical thermometer which was the model for the 
one used today. In 1918 Parliament passed the Clinical 
Thermometer Order which said that all mercury in glass clin- 
ical thermometers should be calibrated to ± 0.2°F. However, 
in 1953 this standard was allowed to no longer apply. In 
1964 it was estimated that about three and a half million 
clinical thermometers were sold annually in Great Britain 
(Harden, 1964). He calibrated 200 thermometers by immersing 
them in a water bath for one minute at 98°F and only 20% 
read to 
± 0.2°F. 80% had errors greater than 0.5°F. The 
maximum error was 1.6 
0 F. Although the response times of 
these thermometers were stated to be half a minute he found 
that two minutes were needed to register a maximum reading 
in some. Harden estimated that in his hospital, at that time, 
£420 was spent annually in replacing broken thermometers. He 
also estimated that the nursing staff spent approximately 
18,000 hours per year which represented £3,000 on taking 
sublingual temperatures. In 1975, these costs will be at 
least double those in 1964. A similar study (Dimond and 
Andrews, 1954) showed that 7% of 465 thermometers tested varied 
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by a degree F or more from the actual temperature of the 
water bath. The greatest error on this study was 3.3°F. 
It seems, therefore, that considerable errors can result 
from inaccuracies in the calibration of clinical thermometers 
as well as those due to the local effect of the environment 
on sublingual temperature described in this thesis. Many 
hours are wasted in the routine measurement of sublingual 
temperature of all patients admitted to hospital. Patients 
should be selected for thermometry and then more care could 
be taken in measuring their deep body temperature. 
Since Allbutt designed the self-registering clinical 
thermometer, doctors have been mainly interested in measuring 
high body temperature and the scale on most thermometers is 
35 to 43°C (95 to 110°F). "What the thermometer does not 
record the mind does not recognise. " (Taylor, 1964). He 
recommended the use of low reading thermometers as did the 
Royal College of Physicians (Report, 1966). Even using a 
low reading clinical thermometer, both rectal and sublingual 
temperatures must be interpreted with care and if necessary 
the thermometer individually calibrated or the patient further 
investigated using oesophageal temperature or the more com- 
fortable method with the Zero Gradient Aural Thermometer. 
The Electric Thermometer - Thermistors and Thermocouples 
"Instant oral or rectal temperatures in as little as 1 
to 11 seconds. The GFA INSTANT is the fastest most reliable, 
rugged and advanced medical thermometer known. " (Advertisement, 
1971). 
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It has been repeatedly stated (Knapp, 1966; Ferguson 
and Mansfield) 1971; Nursing Times, 1971) that because a 
thermistor has a very fast response time when immersed in 
water, a sublingual estimate of deep body temperature can 
be made in a similar time. However, the results described 
show that even using a thermistor up to 14 minutes are 
required to obtain a steady state sublingual temperature. 
Urine Thermometry 
Temperature of freshly voided urine was used in surveys 
of the prevalence of hypothermia in the elderly (Fox et al, 
1971; Salvosa et al, 1971). These studies used a specially 
designed urine collection vessel which was insulated to pre- 
vent cooling. An investigation of a patient suspected of 
producing a factitious fever with a mercury in glass sub- 
lingual thermometer involved the patient urinating into a 
coffee cup containing a thermometer and this was read after 
5 minutes (Ellenbogen et al, 1972). This crude estimation 
of deep body temperature demonstrated that the sublingual 
readings were probably artificially elevated in this case. 
A major disadvantage of urine temperature determination is 
that volumes voided less than 100 ml are insufficient to 
achieve a reading (Simpson, 1971). This method needs total 
co-operation of the subject who must be conscious and monit- 
oring of deep body temperature is impossible. Presumably, 
the bladder has similar lag problems as the rectum and urine 
temperature may underestimate arterial blood temperature 
when this is rapidly changing. 
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-The Radio Pill (Fox, Goldsmith and Wolff, 1962) 
The pill is 2.2 by 0.9 cm, easily swallowed, accurate 
to ±. 0.10C and.. has a 97% response time in rapidly stirred 
water of 1, minute 40 seconds. There are local. temperature 
variations in the intestinal tract and the pill temperature 
from the small intestine correlated best with rectal'temp- 
erature. Again, it is likely that there-is considerable 
lag of the temperature transmitted by the pill behind that 
of the arterial blood when this is rapidly changing. Another 
disadvantage is that the pills are very expensive and a 
large number are lost. However, its main use is likely to 
be temperature monitoring of divers-as well as dangerous 
animals. 
The Transcutaneous Temperature Meter (Fox and Solman, 1971) 
From the experiment described (p. 72 -) the device was 
presumably underpowered and was unreliable in cold climates. 
There is. no evidence showing temperatures recorded using 
this device' compared with those measured in the oesophagus. 
Reflex vasoconstriction of skin arterioles under the device 
is likely to increase the lag behind arterial blood temper- 
ature. The initial time to reach a steady temperature in 
ordinary room temperature is unacceptably long for spot deep 
body temperature estimations. 
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SECTION TWO-- THE EFFECT OF AGE AND SEX ON BODY COOLING RATES 
The main findings from the investigations made on chil- 
dren swimming were that the younger children had greater 
cooling rates because of less overall subcutaneous fat thick- 
ness and higher surface area to mass ratios. The boys were 
generally thinner than the girls and had higher surface area 
to mass ratios and therefore cooled more rapidly. 
Similarly in air, the degree of cooling of both the men 
and women-depended on subcutaneous fat thickness and surface 
area to mass ratio. The generally higher cooling rates of 
the women, however, were due to their lower metabolic res- 
ponse to cold compared with the men. 
The major difference between man cooling in water com- 
pared with air is that there is a loss of the insulation 
provided by air over the unclothed skin in water. This 
insulation is considerable in preventing large falls in deep 
body temperature in air. Large falls in body temperature 
occurred in the children in water at 20.30C compared with 
the small falls in rectal temperature after cooling for a 
much longer time in colder air with the adults. 
In water less than 25°C exercise increased the rate of 
fall-of oesophageal and rectal temperature compared with when 
the subjects were still (Keatinge, 1961a). He showed that 
this was not due to differences in metabolic heat production 
but rather due to increased peripheral heat loss which is 
greater with lower water temperatures. In cold air exercise 
and shivering increase heat production. The reflex vasocon- 
striction in the skin decrease's heat loss such that large 
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falls in deep body temperature like those that occur in 
water tend to be prevented. It seems that exercise and 
shivering in cold water, despite peripheral vasoconstriction, 
has a deleterious effect in accelerating the rate of fall 
of deep body. temperature. 
1. Metabolic heat production in cold water and air 
Although metabolic rates have been measured at various 
, 
levels of exercise in men immersed up to the neck in cold 
water. (Keatinge, 1961a) very little work has been done which 
involved the measurement of metabolic rates while swimming. 
It has been shown that the maximum oxygen uptake during free 
swimming is significantly greater than tethered swimming 
and treadmill running in air (Magel and Faulkner, 1967). 
These workers explained this as due to some effect of training. 
Respiratory rates were measured in three subjects swimming 
freely in water at 23.7 and 4.7°C (Keatinge et al, 1969) but 
metabolic rates were not calculated. When tethered swimming 
and treadmill running in air were compared (Magel, 1971) it 
was demonstrated that the oxygen uptake was directly propor- 
tional to the work done and was linear for all subjects in 
both forms of exercise. The swims in these experiments lasted 
only three minutes. The use of a swimming flume (Astrand 
and Engelsson, 1972) has allowed more precise studies on swim- 
ming with a tank where the water velocity and temperature can 
be varied. Using this apparatus it has been show that there 
are pronounced differences in metabolic response of trained 
compared with untrained swimmers (Holmer, 1972). Trained 
swimmers swam at a lower oxygen uptake than non-trained and 
at a given oxygen uptake trained swimmers swam at a faster 
rate than untrained. He also showed that the front crawl was 
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the most economical style of swimming. Metabolic rates were 
measured in three subjects in the present experiments who were 
representative of the group in height, weight and fat thick- 
ness. Of the 28 young swimmers, about 20 were regular swimmers 
but nevertheless some of these had to leave the pool early 
because they were distressed by the cold. Training did not 
seem to confer any advantages which altered the rate of 
cooling of the children or prevented their becoming distressed. 
The mean metabolic rates of these three subjects probably 
represent the group as a whole. 
Work increased the fall in rectal temperature in adult 
men in water below 25°C having the opposite effect in warmer 
water (Keatinge, 1961a). Blood flow in muscle increased many 
times during exercise (Barcroft and Dornhurst, 1949). When 
men worked as hard as possible in cold water rather smaller 
mean falls in rectal temperature occurred compared with when 
they worked at a slower rate. It is likely, therefore, that 
increase in the intensity of work increases metabolic heat 
production with no further increase in muscle blood flow. It 
is argued (Glaser, 1950) that dangerous hypothermia in water 
can be prevented by exercising as hard as possible. However, 
falls in rectal temperature in all experiments with exercise, 
with or without clothing, in cold water were significantly 
greater than in still immersions (Keatinge, 1961a). Shivering 
in subjects immersed in water can only increase heat loss 
compared with when they are still. Since only three subjects 
had metabolic rates measured in the swimming experiments no 
sex or age difference in metabolic response to swimming in 
cold water was demonstrated. On immersion in cold water, the 
thickness of subcutaneous fat as well as the surface area/ 
mass ratio are the major factors that determine cooling rate 
- 141 - 
in long exposures. The advice to swim or struggle as hard as 
possible when immersed in cold water (Glaser, 1950) was 
based on an experiment where the swim lasted for only 30 
seconds which is not long enough to allow general conclusions. 
The Channel swimmers from the Elton Swimming Club had a much 
higher swimming rate than those taking part in our experiment 
and presumably increased their metabolic heat production to 
enable them to swim for one hour in colder water. Subjective 
comments from these Channel swimmers suggested that they had 
considerable fall in deep body temperature and that if the 
swim had continued for much longer than an hour some of the 
thinner subjects would have been in considerable danger from 
risk of death from hypothermia. 
The experiments described here showed that swimming at 
a relatively slow rate in water well above the usual summer 
sea temperature around Britain, Canada and the northern 
coasts of the United States (Hutchins and Scharff, 1947) can 
be dangerous especially in young thin children. 
It has been shown in man that there is an immediate reflex 
from cutaneous cold receptors causing an increased metabolic 
rate due to shivering on exposure to cold. (Cannon and Keatinge, 
1960). They demonstrated that in fat men immersed in water 
at various temperatures below 33°C there was a metabolic res- 
ponse to cold due to reflexes from the skin and in thin men 
this metabolic response was reinforced by a fall in deep body 
temperature stimulating the deep temperature receptors. In 
the experiments where the response to cooling was compared 
between 5 men and 6 women, there was no significant increase 
between the immediate metabolic response to cold and the meta- 
bolic rate during the last 20 minutes of the 2 hour cooling of 
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the men. The mean metabolic rate in the men fell by 0.16 
kcal/min between these two periods. In the women there was 
an increase in mean metabolic rate from the beginning to 
the end_'of cooling of 0.78 kcal/min. Because of the small 
numbers of subjects used these changes were not statistically 
significant. However, the two women, W4 and W5, with the 
largest falls in rectal temperature had the largest increase 
in-metabolic rates from start to the finish of cooling. 
There is some evidence, therefore, that the reflex cutaneous 
metabolic response to cold was reinforced in the women by 
stimulation of deep temperature receptors secondary to a 
fall in arterial blood temperature. 
The major difference in metabolic response to cold in 
men compared with women was the smaller response in the women. - 
There was a fourfold increase in metabolic rate from resting 
levels in the men and this was due to shivering. It has been 
shown that in air at 2°C intense shivering increases meta- 
bolism by about 400% (Swift, 1932). The intense shivering 
in the 5 men continued throughout the two hour cooling period. 
During this time rectal temperature increased in 3 of the men 
and decreased in 2 and the mean fall in rectal temperature for 
the-5 men was not statistically significant at 0.07°C. It 
seems that this intense shivering is inappropriate for the 
environmental' conditions and it is possible that the men would 
become generally exhausted before the women who had lower 
energy expenditure. In a study on the effect of repeated 
daily exposure to cold air in men (Keatinge, 1961b) it was 
shown that this generally increased the men's immediate meta- 
bolic response and decreased their metabolic rates at the end 
of 71 hours in air at 5 to 7°C. This increased the rate of 
fall of rectal temperature. In the 6 women, the smaller meta- 
bolic response resulted in deep body temperature falling and 
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then a further increase in metabolic rate occurred in some 
due to stimulation of the deep receptors. In immersion 
experiments (Keatinge, 1960; Cannon and Keatinge, 1960) 
metabolic rates of men whose rectal temperatures had fallen 
up to 2.35°C were rarely greater than 6.0 kcal/min at any 
time. Three of the 5 men cooling in air had metabolic rates 
between 6.77 and 7.17 kcal/min at the end of the cooling 
period. It seems unlikely that further increases in metabolic 
rate would be possible and it is doubtful that shivering 
could be maintained at this level for very much longer. 
The results can therefore be interpreted in two ways. 
Firstly, it could be concluded that the women's smaller 
metabolic response to cold resulted in greater falls in 
rectal temperature such that they are more at risk from 
death from hypothermia on exposure to cold air. Secondly, 
the men could be said to have an inappropriate metabolic 
response to cold and that their survival time compared with 
the women could be shorter due to fatigue. The deep body 
temperature may be allowed to fall to within acceptable 
limits'and then with time an augmentation of the metabolic 
response due to stimulation of the deep temperature receptors. 
Further experiments using a greater number of subjects 
exposed for longer times are needed to investigate fully the 
different metabolic response to cold between men and women. 
There are few reports in the literature of the meta- 
bolic response to cold of humans of different ages. No diff- 
erence in the metabolic response to cold was found between old 
and younger volunteers (Horvath et al, 1955). Large falls in 
rectal temperature with early increases in metabolic rate 
were demonstrated when people aged 57 to 91 years were exposed 
to cold (Krag and Kountz, 1950). This was probably due to old 
.. 
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people having less subcutaneous fat. The average age of 
death in the Lakonia shipwreck was 60.8 years while those 
who survived had an average age of 47.0 years (Keatinge, 
1965). . 
Again, this was probably because the older people 
were thinner. No detailed study has been made which com- 
pared metabolic response to cold stimulation of the skin 
or deep receptors in two different age groups of similar 
fat thickness and surface area/mass ratio. 
Exercise and shivering in cold air in both men and 
women tends to maintain deep body temperature by increasing 
metabolic heat production to a greater level than heat loss. 
In water it seems that exercise and shivering in both men 
and women. results in an increase in peripheral heat loss 
greater than heat production and rates of fall of body temp- 
erature were greater than if they remain still or were not 
shivering. In water, differences in metabolic response to 
cold between men and women have not been demonstrated. In 
air women seem to have a much lower metabolic response to 
cold compared with men and therefore will be at greater risk 
from death from hypothermia during long exposures. It seems 
that the men had an inappropriately large response which 
although maintained their deep body temperature may have 
increased their risk of death from exhaustion. Further 
studies must be made with longer exposures to determine how 
significant sex differences in response to cold air with 
respect to survival times. 
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2". The role of subcutaneous fat in determining falls in 
body temperature in the cold 
A study of changes of superficial fat from the six 
month foetus to maturity (Wilmer, 1940) showed that the 
six month foetus increased its body weight from 500 to 
2500 grammes at birth and during this period superficial 
fat increased from a sixth to a quarter of the body mass. 
The maintenance of the body temperature of the foetus is 
determined mainly by the temperature of the mother. From 
birth to puberty body weight increased about twentyfold 
and skin and superficial fat as a percentage of body weight 
remained practically unchanged. 
Surface area/mass ratio was high in newborn babies 
and decreased to maturity (Strunk, 1971). This was sup- 
ported by the presented study. Differences in cooling 
rates must be determined in part by differences in surface 
area/mass ratio as well as with minor differences in sub- 
cutaneous fat thickness. Distribution and amount of sub- 
cutaneous fat was identical in both sexes before puberty 
(Edwards, 1951). After puberty there were small differences 
in distribution, the main one being that women had 25% more 
fat on their legs than men and slightly greater overall 
subcutaneous fat thicknesses than men. In fat people 
approximately two-thirds of the excess adiposity is located 
just below the skin (Allen et al, 1956). These workers 
showed in thin people with as little as 1g of fat that 
most of this was internal. Measurements of total body water 
allowed calculation of the amount of body fat to be made and 
in subjects aged 1 to 30 it was shown that females have more 
total body fat than males (Mellits and Cheek, 1970). The 
effect of age was not studied in detail. Using Harpenden 
'i I 
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callipers it was demonstrated (Hammond, 1955) that girls 
decreased very slightly in subcutaneous fat from the age of 
2 to 5 years and then increased gradually to puberty. In 
boys in this study, it was shown that trunk fat decreased 
to the age of 7 years and then increased to 11, then inc- 
reased more slowly to the age of 17 years. On the arms 
of boys there was a decrease in subcutaneous fat to the 
age of 8 years and then a slight increase to the age of. 11 
and a gradual, fall in limb fat from then to the age of 18. 
Limb -fat was less in the boys than the girls from the age 
of 17 years. In the children who swam and were studied 
above, differences in total subcutaneous fat were small 
but boys were generally thinner than the girls and had 
thinner limbs. In the adult experiments described above 
the most significant differences in fat thickness at any 
site was in the fatter legs of the women. The women were 
generally slightly fatter at all sites than the men. It 
seems therefore that the distribution and amount of sub- 
cutaneous fat found in the presented experiments were 
similar to those studies cited above. 
Insulation by subcutaneous fat helps to prevent heat 
loss in the cold (Baker and Daniels, 1955; Carlson et al, 
1958; Keatinge, 1961a; Keatinge, 1961b; Swift, 1932). The 
role of insulation by subcutaneous fat during body cooling 
of women has been studied very little but it has been shown 
that women Channel swimmers are fat (Pugh and Edholm, 1955) 
as are Korean diving women (Rennie et al, 1962). 
/ 
.. "W. 
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The rate of fall of body temperature of men still in 
water at 15°C-was linearly related to the reciprocal of 
subcutaneous fat thickness (Keatinge, 1960). In a group 
of women immersed in water at 20°C (Kollias et al, 1974) 
the metabolic response to falls in oesophageal and rectal 
temperatures were significantly greater in the thin com- 
pared with the fat women. There seems to be no report 
in the literature of studies made of old people immsered 
in water or of children. The experiments presented in this 
thesis showed that subcutaneous fat is just as important 
an insulator in children as in adults and that thin children 
cooled more than the fatter ones, when exercising in cold 
water. 
In 
, air at 
15°C fat men cooled more slowly than thin 
(Baker and Daniels) 1955) and it has been suggested that 
women cool to a lesser extent than men because of the 
greater subcutaneous fat thickness in the women (Hardy and 
du Bois, 1940; Hardy et al, 1941) but this study used very 
few subjects and was not made under carefully controlled 
conditions. The present experiments showed that subcutaneous 
fat was important in women as an insulator in cold air but 
that, the major sex difference was a lower metabolic response 
to cold in the women. 
No studies have been made on the role of differences in 
distribution of fat between limbs and trunk in body cooling. 
The fact that the boys generally cooled faster and had less 
limb fat than the girls in cold water may indicate a greater 
heat loss'from the exercising proximal limb muscle used in 
the breast stroke and crawl. 
l 
`\\ 
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Differences in surface area/mass ratio between adult 
men and women are small but a baby has a high surface area/ 
mass ratio compared with an adult and this decreases with 
age. Hypothermia in infants is usually attributed to the 
large rate of cooling secondary to the high surface area/ 
mass ratio (Montgomery, 1962). However, in children with 
Kwashiorkor the risk of hypothermia is greater because 
these children are thin and wasted (Morley, 1960; Brenton 
et all 1967; Mann and Elliott, 1957). Differences in surface 
area/mass ratio between male and female infants are small 
and the role of the surface area/mass ratio in body cooling 
is more important because of its large decrease over the 
first 15 years of life. However, it has been shown in 
women immersed in cold water (Kollias et all 1974) that 
for a given level of body fat the surface area/mass ratio 
for men is significantly lower than that of women and the 
women cooled at a greater rate. This seemed to be parti- 
cularly apparent when they compared lean women and men with 
the same subcutaneous fat thickness. The difference in 
surface area/mass ratio could be due to a difference in 
shape between the sexes. In the present experiments cor- 
relation'between fat thickness and rate of cooling was 
greater when allowance was made for differences in surface 
area/mass ratio in both the children and adult experiments., 
There was no sex difference in surface area/mass ratio in 
the children but the women had a greater surface area/mass 
ratio compared with men of a similar fat thickness in the 
adult experiments and the women generally cooled more than 
the men which supports the results of Kollias et al. - However, 
they did not compare metabolic rates of the men and women and 
it could be that the sex differences in cooling rates of adults 
is determined only to a small extent by differences in surface 
area/mass ratio and that the most important difference is that 
women have a lesser metabolic response to cold. 
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3. , -Theoretical considerations 
Newton's law of cooling applied to man immersed in water 
has considerable limitations (Strunk, 1971) because it des- 
cribed heat loss under the simultaneous conditions of conduc- 
tion, forced convection and radiation and did not take into 
effect the dynamic effect of thermoregulatory control or 
the surface area of the body cooling. Conclusions made from 
the heat balance equation (which is derived from Newton's 
law but takes into account surface area) must be regarded 
as approximate unless the subjects are in heat balance in 
stirred water. This was not the case in the children's 
experiments but nevertheless, the heat balance equation 
applied to these results provided some interesting if crude 
information. 
The heat balance equation is: 
M-H= (W. s/A). dO/dt 
where M and H are heat production and heat loss (kcal/m2/min) 
respectively; s is the specific heat of the body (kcal/kg); 
W is the body mass (kg); 0 is the average body temperature 
(°C) and. thus dO/dt the rate of change of that temperature; 
A is the surface area of the body (m2). 
Thus, 
. 
dO/dt = (M. A)/(W. s) - (H. A)(W. s) 
- dO/dt is the rate of fall of body temperature 
Therefore, 
- dO/dt = (H. A)(W. s) - (M. A)(W. s). 
H=2. K. R. T. 
where-K is the thermal conductivity of human fat (kcal/m2/min/0C); 
R is the mean reciprocal skinfold thickness (m 1); T is the 
temperature difference between body core and surface (0C). 
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Thus , -" 
- d0/dt = (2. R. A. K. T)/(W. s) - (M. A)/(W. s) 
The thermal conductivity of human fat has been measured 
as 0.00049 cal/(cm. sec. 
°C) (Hatfield and Pugh, 1951) 
0.0029 kcal. m- 
1. 
min- 
1.0 C-1. 
The specific heat of the body has been measured as 0.83 kcal/kg 
(Burton, 1935). 
T for the children was 36.87 - 20.3 = 16.57°C. 
M kcal. m 
2. 
min = M. A/W kcal. kg'. min-l = M' = 0.114 (measured 
on 3 subjects) ` 
Therefore, 
- d0/dt = (2. R. A. K. T)/(W. s) - M'/s 
_ (2.0.0029.16.57. R. A)/(W. 0' 83) - 01l'/083 
_ (0' 116. R. A)/W - 0.137 (1) 
The actual measured relationship for the group was 
- d0/dt = (0.019. R. A)/W - 0.025 (2) 
The actual relationship (2) has a shallower slope and less 
negative intercept for R=0 than equation (1). Thinner 
subjects cooled less rapidly than predicted by equation (1). 
This could be because deep tissues provided significant 
insulation and the insulation was determined by muscle as 
well as subcutaneous fat and skin. The fattest subjects 
lost. more heat than was predicted theoretically. This could 
be because the insulation provided by their thick subcut- 
aneous fat-was bypassed by a substantial cutaneous blood flow 
as-vasoconstriction was not complete. The small falls in 
deep body temperature were presumably not enough to induce 
intense vasoconstriction in the fat subjects. 
A crude comparison can be made between the cooling rates 
of adults still in water at 15°C (Keatinge, 1960) and those 
of the children who exercised in water at 21.3°C. It must 
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be assumed that the rectal temperature changes in the 1960 
study had negligible lag behind arterial blood temperature. 
The children's results were recalculated using only 4 of the 
skinfold sites which were used in the adult study. The rate 
of change of body temperature for the children was: 
- do/dt = (0.015. R. A)/W - 0.015 
The rate of change of temperature for the adults was: 
- d0/dt = (0.012. R. A)/W - 0.018 
Thus at a particular subcutaneous fat thickness, allowing 
for differences in surface area/mass ratios, other things 
being equal, the children cooled faster than the adults. 
The difference was most marked in the thinner subjects with 
high surface area/mass ratios. This difference can only be 
due to the effect of exercise increasing peripheral heat 
loss if other things are indeed equal. The difference is 
even more significant as the adults were in water much colder 
than the children. 
The relationship between body thickness and shape and 
size may be important in some animals and account for diff- 
erences in heat loss in the cold. It has often been stated 
that when an animal "curls up" in the cold it adopts a more 
spherical shape thereby decreasing its surface area/mass 
ratio. It is decuded that cooling rates are less and sur- 
vival times longer by this method of shape alteration. There 
seems to be no experimental evidence supporting this theory. 
The surface area/volume ratio (SA/V) of a cylinder is given by: 
SA/V = 2(r + h)/(r. h) 
For a sphere: 
SA/V = 3/r 
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For a cylinder and a sphere of the same radius r the 
surface area/volume ratio of that cylinder will be the 
same as the sphere when h= 2r. 
Upright man can be regarded as approximately cylin- 
drical in shape. A man of height 2 m. would have to be 
extremely obese to have a radius of 1 m. and have no 
advantage in adopting a spherical shape with the same 
radius. A tall cylindrical shaped man will in fact always 
increase the radius when adopting a shape that tends to be 
spherical and therefore the SA/V ratio will always decrease. 
However, small animals including possibly human babies 
could be of such dimensions that adopting a more spherical 
shape confers no thermoregulatory advantage in the cold. 
- Comparing two cylinders of equal radii, the taller 
has a smaller surface area/volume ratio. Taller men with 
the same overall subcutaneous fat thickness and other things 
being equal will therefore tend to cool more slowly than 
short men. Women tend to be shorter than men. A woman will 
tend to have a greater cooling rate than-a man of the same 
radius, other things being equal. Women also tend to be 
more spherical in shape than men who tend to be relatively 
more cylindrical. Thus a man and woman of equal heights 
and radii (i. e. with the same amount of subcutaneous fat) 
will tend to cool at different rates. The woman will have 
a-smaller surface area/volume ratio and will cool more 
slowly. For this same man and woman with an equal increment 
in radius (subcutaneous fat thickness) the more spherical 
shaped woman will decrease her surface area/volume ratio 
to a greater extent than the cylindrical shaped man. 
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Theoretically, therefore, in humans differences in 
body shape may contribute to differences in cooling rates 
in individuals with the same subcutaneous fat thickness. 
These differences are probably of minor importance when 
there is complete vasoconstriction but with defective 
vasoconstriction on immersion in cold water differences 
in body shape could have a marked effect on cooling rates. 
The concept of the critical ratius has been considered 
in detail for simple spheres and cylinders (Strunk, 1971) 
and it is known that for a cylinder, as the outer radius 
of an insulating layer increased the radial heat conduction 
decreased but'the cooling surface area increased. At some 
value of the radius heat loss will be at a maximum. Thus 
for a cylinder of fixed core diameter increasing the outer 
radius can lead to the situation where total heat loss is 
increased despite decreasing the radial heat loss through 
the insulating layer. If the insulation is of a high con- 
ductivity, this critical radius is attained after a rela- 
tively small increase in insulation thickness compared with 
a low conductivity insulator. In man with complete vaso- 
constriction and because fat has such a low conductivity, 
the critical radius can be attained with body shapes theo- 
rectially incompatible with life. However, if vasoconstriction 
is defective, it is possible that the critical radius may be 
attained in some and that fat-men could be at a greater dis- 
advantage in the cold than thin, other things being equal. 
This is the converse of all results described on the effect 
of subcutaneous fat on heat loss but little work has been 
done on subjects with disorders of vasomotor control. 
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SUMMARY 
40 experiments were made on 14 subjects to study the 
effect of exposure of the head for 30 minutes to environ- 
ments of 3.5 to 45°C. Local cooling of facial tissues 
in cold air was sometimes sufficient to depress sublingual 
as much as 4.450C below oesophageal temperature after 30 
minutes. In air temperatures greater than 30°C, sub- 
lingual was generally slightly higher than oesophageal 
presumably because local heat production raised sublingual 
-temperatures above arterial blood temperature. The regres- 
sion of oesophageal on sublingual temperature in air colder 
than 15°C, was not significant because of the large indivi. 
dual variation in local cooling. Correlation of oesophageal 
and sublingual temperature with air temperature was greater 
in air at 26 to 30°C than 15 to 25°C, since local cooling 
was largely abolished in the warmer environments and sub- 
lingual then estimated arterial blood temperature more 
closely. 
Heavy insulation of-the head prevented local cooling 
to a large extent, showing that inspiration of cold air 
played little part in local cooling of the tongue. 
There was a greater than threefold increase in mean 
parotid saliva flow rate when the head was exposed to air 
at 100C for 30 minutes. With this increased flow there 
was a large fall in saliva temperature, measured as the 
saliva left the parotid duct. The fall in saliva tempera- 
ture was always greater than that of sublingual. The 
increased flow of cold saliva therefore appeared to be the 
major factor cooling the sublingual tissues when the head 
was exposed to cold air. 
- 155 - 
With the subject in air at 10°C, there was a grad. 
ient of temperature in the oesophagus from 40 to 20 cm. 
from the external Hares. There was no significant 
oesophageal gradient in air at 37°C (4 experiments). 
In air at 18 to 23°C there was a gradient from the 
root to the under surface of the tip of the tongue which 
averaged 0.48°C and this average gradient increased to 
1.93°C in air at 10°C (4 experiments). 
Accurate positioning of oesophageal and sublingual 
probes was therefore important particularly in cold 
environments. 
With rapid increases in deep body temperature, sub- 
lingual paralleled changes in oesophageal temperature 
even with local cooling of the face and lag of sublingual 
behind oesophageal was minimal in air at 29.5°C. Rectal 
temperature lagged behind oesophageal to a greater extent 
than sublingual but heating or cooling the legs did not 
appear to have a significant local effect on the rectal 
temperature. 
Local cooling did affect temperatures in the external 
auditory canal and, as with sublingual temperature, this 
could be reduced by external insulation. Even with insula. 
tion, the aural temperature of one subject fell by 1.3°C 
during 20 minutes exposure to air at 8 to 10°C. A similar 
insulation pad was heated electrically and servo-controlled 
to maintain the temperature of the outer surface of the 
ear within 0.2°C of measured aural temperature, in environ. 
ments as cold as 9°C, wind speeds up to 3.5 m/sec. and deep 
body temperature changing rapidly. Using this pad, aural 
temperature was found to parallel changes in oesophageal 
closely, and remained within 0.35°C of oesophageal with 
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little lag as body temperature was first lowered by 
immersing the legs in water at 12 to 13°C for 80 minutes 
and then increased by immersing the legs in water at 42 
to 50°C for 70 minutes (6 subjects). 
From these results using a prototype apparatus a 
portable device was developed and its accuracy and limi- 
tations determined on subjects with local and general 
cooling and heating. In air at 18 to 26°C aural tempera- 
ture with servo-controlled external insulation was always 
within 0.35°C of oesophageal 10 minutes after inserting 
the probe and switching the heater on from the cold state. 
With respect to oesophageal complete stability was reached 
within 20 minutes even in air as cold as 9°C. Aural temp- 
erature remained within 0.25°C of oesophageal during cooling 
of 7 subjects and lagged by not more than 0.35°C during 
warming. The device therefore appears to have wide applica. 
tions in experimental and. clinical monitoring of deep body 
temperdure and is being made commercially. 
--. -s 
Deep body temperature of 16 girls and 12 boys aged 8 
to 20 years was measured before and after swimming for up 
to 40 minutes in water-at 20.30C at an energy expenditure 
of about 4.8 kcal/min. Preliminary experiments were made 
on 3 adults and determined the conditions needed for sub-' 
lingual to reliably estimate deep body temperature without 
a local cooling effect. The sublingual was the most con. 
venient site to use on such a large number of young sub- 
jects. Deep body temperature fell by up to 3.20C and 
cooling rate correlated highly, regardless of age or sex, 
with overall subcutaneous fat thickness on both trunk and 
limbs. The correlation was higher when allowance was made 
for differences in surface area/mass ratio. Differences 
in fat distribution were less important than overall fat 
thickness; but older swimmers and boys of similar trunk 
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fat thickness generally had less limb fat and cooled 
faster than younger swimmers and girls of equal trunk 
fat thickness and surface area/mass ratio. The results 
indicate that young children are at considerable risk 
from death from hypothermia if they are unable to leave 
cold water, for example when clinging to a float or an 
overturned boat. 
Rectal temperature was monitored for 2 hours as 5 
men and 6 women sat in air at 10°C, their legs immersed 
up to the'knees in water at 13°C to accelerate deep body 
cooling. The men were of similar age to the women but 
were taller and heavier. The women had a greater surface 
area/mass ratio than men of similar fat thickness and 
with both men and women the thinner subjects had a higher 
surface area/mass ratio. Even allowing for differences 
in surface area/mass ratio, the women generally had 
greater. falls in rectal temperature than the men, assoc- 
iated with significantly smaller metabolic responses to 
cold. , 
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Depression of Sublingual Temperature by. Cold Saliva 
R. E. G. SLOAN, W. R. KEATINGE 
Britin Mddicd 7ow , 1975.1,718-720 
Summary 
Sublingual and oesophageal temperatures were 
compared at various air temperatures in 16 subjects. In 
warm air (25-44°C) sublingual temperatures stabilized 
within ± 0.45°C of oesophageal temperatures, but in air 
at room temperature (18-24°C) they were sometimes as 
much as 1 1'C below and In cold air (5-10°C) as much as 
4.4'C below oesophageal readings. The sublingual- 
oesophageal temperature difference in cold air was 
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greatly reduced by keeping the face warms, but it was not reduced In two patients breathing through tracheosto.. 
mies and thereby eliminating cold air flow from the nose and pharynx. Parotid saliva temperature was low and saliva flow high during exposure, and cold saliva seemed to be mainly responsible for the erratic depression of 
sublingual temperature in the cold. These results Indicate 
hazards In the casual use of sublingual temperatures, 
and Indicate that external beat may have to be supplied 
to enable them to give reliable' clinical assessments of body temperature. 
Introduction 
The sublingual reading normally used for routine clinical 
measurement of body temperature is 
depressed in cold air and 
therefore unsuitable for assessing hypothermia (Pembrey, 1898 - 
Fox st al., 1971), though it is generally considered reliable In air 
BRITISH MEDICAL JOURNAL 29 MARCH 1975 
at normal room temperature (20°C). For example, Cranston er al. 
(1954) found that the discrepancy between the mean sublingual 
and oesophageal temperatures of a group of recumbent subjects 
was only 0.09°C, but Tanner (1951) and Fox et al. (1971) 
recorded individual sublingual readings about 1.0°C below rectal 
temperature. Rectal temperature may itself be misleading, and 
we re-examined the reliability of sublingual temperature by 
assessing the limits of its discrepancy from central blood 
temperature during exposure of the head to air at various 
temperatures. We also investigated the way that external cooling 
depressed sublingual "temperature after preliminary studies 
showed that cold saliva -could be felt to enter the mouth from the 
parotid duct in cold environments. 
Methods 
The subjects were 14 medical students and nurses aged 18-30 years 
and two patients with permanent trachcostomies. They were warmly 
clothed but bareheaded. They each sat on a chair in a room that could 
be maintained within 0.5°C of any temperature between 0 and 50°C. 
The air was slowly moving at a rate of 0.5 ± 0.2 m/sec to mimic 
conditions in clinical waiting areas. 
Oesophageal temperature, which closely follows central blood 
temperature (Cooper and Kenyon, 1957; Hercus et al., 1959), was 
used as a reference. Thermistor probes (Light Laboratories, Ltd. ) 
accurate to ± 0.05°C were used to monitor sublingual and oesophageal 
temperatures. Their 99% response times when they were initially at 
18°C and plunged into stirred water at 37°C were less than 15 seconds. 
The sublingual probe was pushed against the root of the tongue, and 
the lips were closed and sealed with tape when necessary. Since 
sublingual temperature may take 10-20 minutes to stabilize after 
the probe is inserted and the mouth closed (Cranston et al., 1954) 
sublingual probes were always left in position for 30 minutes. The 
oesophageal probe was inserted through a nostril to a depth judged by 
external measurement to bring the sensor opposite the middle of the 
lower third of the sternum. 
Parotid saliva was collected by a Lashley cannula (Lashley, 1916) 
held by suction to the inner surface of the cheek. Its temperature was 
monitored by an alumel-chromel thermocouple (Saxonia Wire Co. 
Ltd. ) with a reference junction in a constant temperature water bath; 
the thermojunction's 99% response time was 22 seconds when it was 
initially at 18°C and plunged into water at 37°C. Saliva was collected 
over successive six-minute periods into plastic containers which were 
weighed before and after collection to give mean salivary flow. 
Results 
Sublingual-oesophageal Temperature Differences. -In air at 18-24°C 
both sublingual and oesophageal temperatures stabilized within 30 
minutes after the probes were inserted, and neither reading changed 
by more than 0.15°C during the last 10 minutes of this time in any of 
35 experiments on 14 subjects. When one person then went into air 
at 3.5°C the oesophageal temperature changed little but sublingual 
temperature, initially 0.75°C below oesophageal, fell by 1.3°C to a 
level 2.3°C below oesophageal after 30 minutes and was still falling at 
the end of this time. The sublingual-oesophageal temperature 
differences at the end of 75 30-minute exposures to air at different 
temperatures are shown in fig. 1. Though oesophageal temperatures 
were much the same in all air temperatures sublingual temperatures 
were generally lower than oesophageal ones in air colder than 24°C. 
At 5-10°C sublingual temperatures were often 2.5-4.5°C below 
oesophageal levels, and though at normal room temperature (18-24°C) 
they were often close to and in one case slightly above oesophageal 
readings they were sometimes as much as 0.9-1.1°C below. Only in 
air at 25-44°C were sublingual temperatures consistently within 
0.45°C of oesophageal temperatures. 
Effect of Protecting Face. -Six subjects at in air at 3.5-10°C for 30 
minutes with a 30-mm layer of cotton wool round their heads and faces. 
Their noses and mouths were left clear. After 30 minutes the mean 
oesophageal temperature (f S. E. ) was 36.93 1 0.13°C, and the 
sublingual temperature was only 0.19 1 0.13°C lower; it had been 
1-33---±'- 02IC"I6wer lit-the similar experiments with the faces 
unprotected. 
Elimination of Cold Air Flowfrom Upper Airways. -The effect of ex- 
posure to cold air on two patients breathing through permanent trache- 
719 
ostomies with no air flow through the nose or mouth is shown in 
5g. 2. The sublingual temperature fell considerably during exposure 
to cold in both cases. Oesophageal temperature was not measured. 
Temperature and Flow Rate of Saliva. -Parotid saliva was collected 
during exposure of the face to air at 18-24°C for 30 minutes and then 
to air at 9-11°C for another 30 minutes. Saliva temperature fell and 
saliva flow increased greatly in the cold air. In six such experiments 
mean saliva and sublingual temperatures (± S. E. ) were respectively 
36.60 ± 0.09°C and 36.90 t 0.04°C after 30 minutes at 18-24°C and 35.15 ± 0.28°C and 36.35 ±0.13°C after 30 minutes at 9-11°C. Saliva 
flow rates were 25.3 f 4.2 mg/min in the last six minutes at 18-24°C 
and 59.6 f 5.1 mg/min in the last six minutes at 9-11°C. 
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FIG. 2-Effect of exposing head to cold air on sublingual 
temperatures of man (upper trace) and woman (lower 
trace) breathing through tracheostomies. 
Discussion 
The clinically important finding was the existence of variable 
and often large depressions of sublingual temperature with 
respect to oesophageal temperature when subjects were in an 
environment where the air was cooler than 24°C even though the 
probes had been in place with the mouth closed for at least 30 
minutes. The parotid duct runs just under the skin of the cheek, 
and parotid saliva reached the mouth at a low tcmperature when 
the face was cooled, while protection of the face greatly reduced 
the fall in sublingual temperature. Flow of cold parotid saliva 
to the sublingual region therefore seems to have been the main 
cause of sublingual cooling. The degree of this cooling must 
depend on saliva flow rate, and exposure to cold can 
itself 
increase the flow (Dorodnitsina, 1937; Shannon, 1966; Louridis 
tt al., 1970). We found that cold did substantially 
increase this 
flow, which-explains the disproportionately large-depression of 
sublingual temperature in air below 10°C. The size of this 
depression amply confirms previous evidence that sublingual 
temperature is unreliable in very cold surroundings, but the 
O IO 20 30 40 
Air temperature (°C) 
720 
finding that sublingual temperature was sometimes depressed 
by 1.1°C even in a normal clinical environment is perhaps more 
important. The possible consequences, for example, of relying on 
a misleading sublingual reading of 36.4°C in a case of appen- 
dicitis with a true central body temperature of 37.5°C need no 
emphasis. 
In air above 25°C sublingual temperature readings were close 
to oesophageal ones (± 0.45°C). Maintenance of room tempera- 
ture above this level might therefore seem the simplest way of 
obtaining reliable routine clinical measurements of body 
temperature. Such high environmental temperatures are most 
uncommon, however, and probably often unacceptable in 
'British homes and waiting rooms. At a time of growing energy 
shortages there is a strong case for adopting ä method of measur- 
ing body temperature that will be reliable in colder air. 
" Rectal temperature is inconvenient to measure and lags 
seriously when body temperature* changes (Mellette, 1950; 
Cooper and Kenyon, 1957), as presumably does urine tempera- 
ture (Fox et al., 1971). Oesophageal probes are too uncomfortable 
for routine outpatient use. Local warming of the face would allow 
reliable sublingual readings if it was well controlled. A proc- 
edure that might prove satisfactory for monitoring is to measure 
external aural canal temperature while a simple servocontrolled 
heating device keeps the outer ear at the same temperature. 
The aural canal probe can then give readings to within 035°C 
of oesophageal temperature (Keatinge and Sloan, 1973,1975), 
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though stabilization is slow from the cold state. A similar device has been shown to give reliable results in the newborn infant 
(Cross and Stratton, 1974). 
We are indebted to the subjects for their co-operation, Professor 
R. L. Speirs for advice on the collection of parotid saliva, Mr. T. G. 
Barnett for constructing the thermocouple apparatus, and Mr. A. W. 
Morrison for permission to study the two subjects who were under his care. 
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Effect of swimming in cold water on body temperatures of children 
BY W. R. KEATINQE and R. E. G. SLOAN. Department of Physiology, 
London hospital Medical College, London El 2AD 
Subcutaneous fat thickness is the main factor that determines young 
men's rate of body cooling in water at 15° C (Keatinge, 1960). Children 
generally have less subcutaneous fat than adults (Edwards, 1951) and 
exercise increases adults' rate of body cooling in water that is too cold to 
allow thermal balance without exercise, both with thin (Pugh & Edholm, 
1955) and fat (Cannon & Keatinge, 1960) men. It therefore seemed possible 
that children might cool rapidly during cold swims. 
Cooling rates of 16 girls and 12 boys aged 8-19 years have therefore been 
measured before and after a swim lasting up to 40 min in an indoor pool 
of water at 20.3° C. They were accustomed to making such swims on other 
occasions. Anyone appearing unduly cold was told to leave the pool early. 
They swam at a speed of approximately 33 yards/min with metabolic 
rates of approximately 4.9 kcal/min. Body temperatures were measured 
sublingually in warm surroundings before and after the swim, under 
conditions shown in preliminary experiments to give readings close to 
oesophageal temperatures. 
Young children usually had smaller subcutaneous fat thicknesses as well 
as larger surface area/mass ratios than older swimmers, and boys usually 
had smaller subcutaneous fat thicknesses than girls. The results indicated 
that subcutaneous fat was the main factor determining cooling rates, but 
the differences in surface area/mass ratio also played a part; correlation 
between rate of fall of body temperature and mean reciprocal skinfold 
thickness measured at seven sites was better when allowance was made for 
differences in surface/mass ratio (r = 0.91) than when it was not (r = 0.85). 
The falls in temperature recorded in thin young children, who were usually 
boys, were considerable. Five of the thinnest boys had temperatures as 
low as 34.4-34.9° C at the end of the swim while by contrast one of the 
oldest and fattest girls showed an increase in temperature to 37.7° C. The 
lower body temperatures were associated with considerable shivering. The 
results imply that some young children habitually develop marked hypo- 
thermia during swims of relatively short duration in moderately cold 
water. 
We are indebted to Dir W. A. Hogg, Hon. Sec. of the Wandsworth Amateur 
Swimming Association, for organizing and managing the swim and to the swimmers 
who took part in it. Also to Professor K. W. Cross, Dr Sheila Lewis, Dr Felicity Sloan, 
Surgeon Lt. Cdr. F. Golden, R. N., Miss R. M. `Varner, Miss A. C. MoKettrick and 
'Air P. B. Baggs for making temperature measurements, to Air G. Watling and 
Air A. Jacobs for skilled technical assistance and to the Medical Research Council's 
Royal Naval Porsonnel Research Committee for financial assistance. 
[P. T. O. 
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Measurement of deep body temperature from external auditory 
canal with servo-controlled heating around ear 
By W. R. KEATINOE and R. E. G. SLOAN. Department of Physiology, The 
London Hospital Medical College, Turner Street, London El 2AD 
Temperature has been measured by a probe inserted 1 cm into the 
external auditory canal and lightly packed with cotton wool, with a servo- 
controlled heated pad around the ear to prevent local cooling. This pro- 
cedure was tested in an attempt to find a reliable way of measuring deep 
body temperature that would be simple to use, comfortable to the subject, 
permit collection of expired air for metabolic rate determination and be 
less subject to local cooling and lag than methods that monitor from sur- 
face skin (Fox & Solman, 1971). 
There is normally a steep gradient of temperature along the external 
auditory canal during exposure to cold air (Cooper, Cranston & Snell, 1964; 
Greenleaf & Castle, 1972). Even tympanic membrane temperature (Ben- 
zinger, 1959) can be seriously affected by local cooling (Nadel & Horvath, 
1970), as well as being uncomfortable to many subjects. Insulation of the 
head reduces local cooling (Bradbury, Fox, Goldsmith & Hampton, 1964) 
but does not prevent it. For example, we found that auditory canal 
temperature of one young man fell 1.3° C during 20 min exposure to air 
at 8-10° C moving at 2.5-3.5 m/sec, even with a 12 cm square and 1 cm 
thick pad of cotton wool over the ear. 
When a similar pad was heated electrically to keep the temperature at 
the outer surface of the ear within 0.2° C of measured auditory canal 
temperature, the latter rose to within 0.2° C of oesophageal temperature 
within 10 min and remained within these limits during 20 min exposure to 
the moving air at 8-10° C (six subjects). When deep body temperature was 
lowered by immersing the legs in water at 12-13° C for 80 min, and then 
raised by immersing them in water at 42-43° C for 50 min, ear temperature 
followed changes in oesophageal temperature quite closely. Oesophageal 
temperature fell on average 0.45° C during the cooling and rose on average 
0.89° C during the warming (six subjects). Ear temperature remained 
within 0.2° C of oesophageal during the cooling in each case, and in four 
subjects during warming; in each of the other two it lagged by 0.35° C at 
one point during warming. 
With servo-controlled external heating, auditory canal temperature 
therefore gave a close approximation to oesophageal even in cold surround- 
ings, and followed changes in oesophageal with less lag than does rectal 
temperature. A portable model being made commercially was demon- 
strated. 
P. T. O. 
We are grateful to the subjects who volunteered for these experiments. The servo- 
control circuit for the first apparatus was made by Air T. G. Barnett and the portable 
device was made by Dir P. Sieber and Air S. Spray of Muirhead & Co. Ltd, Beckenham. 
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Cooling rates of young people swimming in cold water 
R. E. G. SLOAN AND W. R. KEATINGE 
Department of Physiology, The London Hospital Medical College, London, El 2AD, England 
SLOAN, R. E. G., AND \V. R. KEATINGE. Cooling rates of young 
people swimming in cold water. J. Appl. Physiol. 35(3): 371-375. 
1973. -Body temperature of the younger and thinner members of 
a group of boys and girls aged 8-20 years fell by up to 3.2°C when 
they swam for up to 40 min in water at 20.3°C, at an energy 
expenditure of about 4.8 kcal/min. The rate of cooling correlated 
well regardless of age or sex with the individual's overall surface 
fat thickness on both trunk and limbs; the correlation was im- 
proved by making allowance for differences in surface area/mass 
ratio. Fat thickness was less and fall in body temperature more 
rapid in young than older swimmers, and in boys than girls, even 
after correction for surface area/mass ratio. Regional differences 
in fat distribution were less important, but older swimmers and 
boys, of given trunk fat thickness generally had less limb fat and 
cooled faster than younger swimmers and girls, of similar trunk 
fat thickness and surface area/mass ratio. 
immersion hypothermia; children; subcutaneous fat; surface 
area/mass ratio 
INSULATION PROVIDED by subcutaneous fat helps people to 
maintain body temperature 
in cold surroundings (1,4,16, 
21) and young men's rates of fall of body temperature in 
water at 15° 
C are linearly related to the reciprocal of their 
subcutaneous 
fat thickness (15). Women channel swimmers 
(17) and Korean 
diving women (18) are known to be fat. 
Children commonly swim in cold water but their rates of 
cooling do not seem 
to have been measured before, prob- 
ably because of 
difficulties in arranging such swims under 
controlled conditions and 
in monitoring children's deep 
body temperatures during them. Nor 
is it known whether 
differences in the distribution as well as in the amount of 
subcutaneous 
fat are important to individual rates of 
cooling. 
Subcutaneous trunk fat and limb fat thickness, height, 
and weight 
have now been measured on 28 boys and girls 
aged 8-20 years; 
body temperatures were then measured 
before and after a swim of up to 40 min 
in an indoor pool at 
20.3° C. The study was made possible first by the coopera- 
tion of a swimming association that occasionally used the 
pool at water temperatures as cold as this; and second 
by 
prior experiments, which are also 
described in this paper, to 
establish the conditions under which sublingual tempera- 
ture would give reliable 
information on deep body tempera- 
ture after such swims. Sublingual temperature closely 
parallels esophageal temperature in warm surroundings (6) 
but can be depressed by local cooling of the face. The first 
experiments to be described determined the time needed for 
the local effect to become negligible after a return to warm 
surroundings. 
METHODS 
Procedure in Cold Swim Experiment 
The 28 subjects were members of London swimming clubs. 
They and their parents understood and consented to the 
procedures. On arrival the boys changed into swimming 
trunks and the girls into two-piece bathing costumes, 
wrapped a blanket round themselves, and went into a 
room at 28-30° C where their heights, weights, and skinfold 
thicknesses were measured. They then sat in the room with 
a thermometer under the tongue and the mouth closed by 
zinc oxide plaster for 12 min. The thermometer was then 
briefly withdrawn, read, shaken down, and reinserted. Four 
minutes later a further reading was taken; it never differed 
by more than 0.1 °C from the previous reading and was 
recorded as body temperature before the swim. Expired 
air was then collected for a timed period of approximately 
5 min from each of three subjects, for determination of 
metabolic rate. The subjects then entered the pool which 
was 23 m long and was at 20.3 f 0.1 °C throughout. They 
swam breaststroke with occasional lengths front crawl or 
backstroke. After every two lengths they waited in the water 
long enough to give an average swimming rate, during 
swim and pause, of 30 f1 m/min before starting the next 
cycle of swim and pause. Fifteen to twenty-five minutes 
after the start of the swim expired air was collected through. 
out one such cycle from each of the three subjects used for 
the resting metabolic rate determinations. 
Any swimmer who appeared to be getting distressed 
from cold was told to leave the pool at once. Otherwise 
those under 12/ remained in the water for 33 min and 
those over 12% for 40 min. After leaving the water they 
immediately dried themselves, wrapped themselves in 
blankets, washed their faces briefly in hot water (44-45° C), 
and sat in the warm room (28-30 ° C) with a thermometer 
in their mouths and their mouths taped closed as before. 
Temperature readings were taken after 8,12,16, and 20 
min without withdrawing the thermometer. The 12-min 
reading was recorded as temperature after the swim, the 
others being made only to ensure that measured temperature 
was rising slowly and steadily during the time; this was al- 
ways the case, indicating that the 12-min reading was not an 
erratic one. 
The entire procedure was started at 9.30 AM for half the 
subjects and 10.10'AM for the others, so that only half were 
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swimming or were being studied in the warm room at a 
given time. 
3 e"o F Cold exposure 
Details of Methods 
Skinfold thickness was measured at each of seven sites by 
Harpenden calipers (9). The sites were biceps: front of arm 
midway between acromion process and the medial epi- 
condyle of the elbow; subscapular: over lowest point of 
scapula; abdomen: 5 cm below and lateral to umbilicus; sub- 
costal: lower border of the ribs on the midclavicular line; 
forearm: medial side at junction of upper and middle one- 
third; thigh: anterior surface midway between anterior 
superior iliac spine and middle of patella; calf: medial side 
at junction of upper and middle one-third. 
Surface areas (m2) were calculated from height and 
weight by the formula W° "415 "H° . 725.0.007184, where W is 
weight (in kg) and H is height (in cm) (6,18). 
Sublingual temperature was measured in the swim ex- 
periment by low-reading clinical mercury thermometers 
(G. H. Zeal, London) calibrated to be accurate to the 
nearest 0.1 ° C. Sublingual and esophageal temperature 
was measured in preliminary experiments by. thermistor 
probes (Light Laboratories, Brighton) accurate to the 
nearest 0.05° C. Esophageal probes were inserted via a 
nostril to a depth estimated by prior external measurement 
to take the thermistor just below the level of the sternal 
angle, where the temperature recorded is very close to 
cardiac temperature (5,13). 
For expired air collections the subject wore a noseclip 
and breathed through a valve assembly that was suspended 
from a pole carried by an observer during swims. The air- 
flow valve led via flexible rubber tubing to a Douglas bag 
which was also carried by an observer. The volume of air 
in the bag and its 02 percentage were subsequently meas- 
ured by dry gas meter (Gallenkamp GF-095) and a para- 
magnetic 02 analyzer (Servomex 101); gas temperature 
was measured by mercury thermometer and air pressure by 
a mercury barometer. Metabolic rates were calculated 
from these readings by the method of Weir (22). 
Statistical Procedures 
Regression lines to be compared were first tested for dif- 
rerences in residual variance and, when no significant dif- 
erences were found in this, slopes and elevations were com- 
)ared using the F test (20). 
LESULTS 
)etermination of Conditions for Valid Sublingual 
äeasurement of Deep Body Temperature 
The first experiments were made in the laboratory to see 
ow rapidly sublingual temperature returned to near car- 
iac temperature after cooling of the face and mouth com- 
ined with general body cooling. Three men aged 18-26 
tars sat for 40 min in air at 13 ° C, in front of a fan giving a 
ind speed of 2.5-3.5 m/sec, with their legs immersed to 
>ove the knees in water at 13° C; they exercised their legs 
accelerate deep body cooling (10), and washed their 
ces and rinsed the inside of their mouths with water at 
e-o 
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FIG. 1. Relationship of sublingual to esophageal temperature in 
air at 28-30°C, before and after 40 min exposure to cold air and 
water (13°C). 
13° C throughout this time. Their esophageal temperature 
generally fell during this time, by more than 0.5° C in one 
case; in the three subjects esophageal temperature was, 
respectively, 37.35,37.10, and 37.25° C before and 36.80, 
36.95, and 37.45° C at the end of the cooling period. They 
then washed their faces for I min with water at 44-45° C 
to accelerate rewarming of the face, placed a thermistor 
under the tongue and sat in still air at 28-30° C with blan- 
kets wrapped round them. Esophageal temperature fell 
for at least 2 min after cooling was ended, then rose, and 12 
min after the start of rewarming was 36.75,36.90, and 
37.30° C, within 0.15° C of the values at the end of cooling. 
Sublingual temperature 2 min after the start of rewarming 
was 0.50-1.95° C below esophageal, but 12 min after the 
start of rewarming was 36.85,36.75, and 37.30° C in the 
three subjects, within 0.15° C of esophageal temperature in 
each case. Figure 1 shows the results from one subject in full. 
The same 12-min rewarming procedure (for details see 
METHODS) was therefore adopted before the sublingual 
temperatures recorded after the swims, reported below. 
Cold Swim Experiment 
Absolute falls in temperature and duration of swims. Table I 
shows that most of the 28 subjects in the cold swim were 
aged between 8 and 15 years, the remaining four being 
aged between 15 and 20; the subjects' weights varied be- 
tween 21 and 82 kg but their heights only between 1.19 and 
1.82 m. Table I shows that their subscapular skinfold thick- 
ness, which is the most representative of overall subcuta- 
neous fat thickness (11) of the seven sites measured, varied 
between 4.8 and 18.0 mm. Before the swim body tempera- 
tures were all between 36.8 and 38.0° C. By the end of the 
swim five boys aged between 8 and 15 years, all with low 
weights and low subscapular fat thicknesses, had body 
temperatures below 35° C. The fall in temperature was as 
large as 3.2° C in one case. All of these five subjects were 
shivering considerably by the time they left the water and 
three of them were told to come out early because of this; 
the swims were intended to last 33 min for subjects under 
COOLING RATE DURING SWIMMING 
TABLE 1. Total falls in temperature of individual subjects 
Subj 
No. 
Girls 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Boys 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
Age, Wt, Ht, 
Subscapular 
Skinfold Duration 
of Swim 
Body Temp, °C 
yr kg in Thickness, , min in X 10-1 Before After 
8 21.0 1.19 6.8 18 37.6 35.7 
10 27.0 1.36 5.9 18 37.7 36.4 
10 27.0 1.34 5.8 33 37.6 35.1 
10 30.0 1.30 8.8 33 37.6 37.0 
10 36.0 1.47 5.0 33 37.6 36.2 
10 39.0 1.39 18.0 33 37.8 37.7 
11 33.5 1.41 6.6 33 37.0 35.0 
11 42.0 1.55 6.6 33 37.7 35.8 
12 44.0 1.49 9.8 33 37.2 36.0 
12 48.5 1.55 12.2 40 37.9 37.6 
13 41.0 1.52 8.1 40 37.4 36.6 
13 47.5 1.42 8.2 40 37.4 35.2 
13 57.5 1.64 13.6 40 37.5 37.2 
15 68.0 1.66 19.2 40 37.2 37.7 
17 49.5 1.63 11.8 40 37.5 36.3 
19 63.0 1.65 12.0 40 37.7 37.5 
8 23.5 1.29 5.2 28 37.8 34.9 
10 33.5 1.46 5.7 28 37.4 34.9 
11 30.0 1.44 4.8 33 37.6 34.4 
11 36.5 1.44 10.5 33 37.6 36.8 
12 69.0 1.68 9.2 33 37.5 37.3 
13 42.0 1.59 7.2 40 37.6 34.8 
13 47.0 1.55 10.0 40 37.4 36.2 
13 56.5 1.68 7.7 40 37.4 35.8 
14 52.5 1.70 7.0 33 37.4 34.4 
14 72.0 1.79 11.6 40 38.0 37.6 
14 82.0 1.82 15.0 40 37.9 37.8 
17 65.0 1.76 10.8 40 36.8 36.2 
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FIG. 2. Relationship between rate of 
fall of body temperature in 
water at 20.3°C and skinfold thickness, allowing 
for differences in 
surface area/mass ratio. 
Regression line and 95% confidence limits. 
Slope of regression is significant, 
P<0.01. 
12% years, and 40 min for those over 12J, but 
it can be 
seen that two of these boys left after 28 instead of the in- 
tended 33 min, and one after 33 instead of the intended 40 
min. None of the girls' temperatures fell below 35° C but 
two of the youngest with temperatures rather above this 
level were told to leave the water after only 18 min because 
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they appeared to be cold. The older and fatter subjects, 
girls or boys, (e. g. subj 14 and 27) showed little or no fall in 
temperature during the swim although they remained in for 
the full 40 min. 
Rates of cooling related to overall subcutaneous fat and surface 
area/mass ratio. The rate of fall of temperature of the different 
subjects during the swim correlated well with the indi- 
vidual's overall subcutaneous fat thickness measured at the 
seven sites on both trunk and limbs. The regression for rate 
of fall in body temperature °C per minute on the mean of 
the reciprocals of skinfold thickness (R) measured at seven 
sites (in m-1) was 0.00079 R-0.044, correlation coeffi- 
cient 0.85. The regression for younger swimmers (under 12) 
did not differ significantly from that for older swimmers, nor 
did the regression for boys differ from that for girls. 
Better correlation was obtained when allowance was 
made for variations in surface area and body weight. Figure 
2 shows each subject's rate of fall in temperature plotted 
against mean reciprocal skinfold thickness multiplied by 
surface area/mass. The regression for fall in temperature 
°C per minute is now 0.019 RA/M - 0.025, where A is sur- 
face area (in m2) and M is body weight (in kg), and the cor- 
relation coefficient 0.91. There are again no significant 
differences between young and old swimmers or between 
boys and girls, showing that any differences in cooling rate 
between young and old swimmers and between boys and 
girls were accounted for by differences in fat thickness and 
surface area/mass ratio. 
Rate of cooling and overall fat thickness related to age and sex. 
Figure 3, A and B, shows that the rate of fall in temperature 
decreased, and overall fat thickness increased, with age. 
Rate of fall was generally greater and subcutaneous fat was 
less in boys than in girls of a given age. Figure 3C shows 
that surface area/mass ratio decreased with age but did 
not differ between girls and boys of a given age. 
Distribution of fat between limbs and trunk related to cooling 
rate, age, and sex. Figure 4 shows that for a given skinfold 
thickness over the trunk, body temperature allowing for 
differences in surface area/mass ratio fell faster, and skin- 
fold thickness over the limbs was less, in swimmers over 12 
than swimmers under 12. In relation to trunk skinfold 
thickness boys generally cooled faster and had less limb fat 
than girls of the same age. 
Metabolic rates. The metabolic rates of subjects 8,15, and 
20 sitting quietly were 1.1,1.3, and 1.6 (mean 1.3) kcal 
mint and swimming were 4.2,4.7, and 5.6 (mean 4.8) 
kcal min-1, respectively. It can be seen from Table 1 that 
these subjects were reasonably representative of the group 
in height, weight, and fat thickness. 
DISCUSSION 
Some of the falls in temperature, up to 3.2° C, were re- 
markably large considering that the water temperature, 
20.3 ° C, was well above the usual summer sea temperature 
around Britain, Canada, and the northern coasts of the 
United States (14). Swimmers who cooled below 35° C well 
before the planned end of the swims looked so cold that 
they were told to leave the water early, and this suggests 
that many children habitually escape dangerous cooling 
during cold swims only because they become uncomfort- 
able enough to come ashore, voluntarily or on instructions, 
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mass ratio of the young swimmers was a contributory factor 
" boy-under 12 
o girl - 
in their rapid cooling. Although limb fat was thinner in 
relation to trunk fat in older than young swimmers and in boy -12 or over boys than girls, these differences in fat distribution were 
& girl -"" relatively small and were accordingly less important than the 
differences in total subcutanteous fat in determining cooling 
° rates. The variations in amount and distribution of sub- 
cutaneous fat with age and sex in these subjects are es- 
° sentially the same as 
have been reported previously (8,11). 
° 
Experiments on adults' cooling rates in water have usually 
relied on rectal temperature (15-18) and since this lags 
behind esophageal temperature during body cooling (5,6) 
will have underestimated the latter's rate of fall. Rates of 
fall recorded in those experiments were in fact generally 
13 15 17 19 smaller than rates recorded in comparable subjects in the 
Age (years) present study, though differences in energy expenditure, 
, oLld 1., 
9 11 13 15 17 19 
Age (years) 
rto. 3. Relationship between age and A) rate of fall of body tem- 
perature in water at 20.3°C, B) skinfold thickness, and C) surface 
area/mass ratio. Slopes of regressions for whole group are significant, 
P<0.05 in A, B, and C. Regressions for boys differ from girls in 
elevation, P<0.10 in A), P<0.05 in B. 
when they cool to this level. Enforced prolongation of im- 
mersion after this point, as might happen if a child clinging 
to a float drifted away from shore, would clearly threaten 
life quickly. 
The results indicate that the smaller amount of subcuta- 
neous fat observed in boys than girls, and in young than 
older swimmers, was the main cause of the boys' and young 
swimmers' rapid cooling; also that the high surface area/ 
immersion time, and water temperature prevent accurate 
comparison. The sublingual temperature measurements 
used in the present study were shown to provide an accurate 
indication of esophageal temperature in the conditions in 
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FIG. 4. Relationship between trunk skinfold thickness and A) 
rate of fall of body temperature in water at 20.3°C, allowing for 
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COOLING RATE DURING SWIMMING 
which they were used, in warm air 12 min after swims ended. 
The falls calculated from these readings may have included 
some afterdrop in body temperature after immersion ended, 
but the initial experiments provide evidence that the after- 
drop would have ended and esophageal temperature would 
have risen to near the immediate postimmersion level when 
the 12-min reading was made, so that any such overestimate 
of the rate of cooling is likely to have been small. 
The swimmers' rate of body cooling (dO/dt, °C/min) was 
observed to be 0.019 RA/W - 0.025 where R is mean 
reciprocal fat thickness (m 1); A is surface area (m2); W is 
body mass (kg). External insulation by the surrounding water 
will be negligible under these conditions (2,16). Exercise 
substantially lowers body insulation during cold immer- 
sion, probably by increasing muscle blood flow (16). If all 
insulation deep to the subcutaneous fat were thereby elimi- 
nated, and if vasoconstriction in skin and subcutaneous fat 
were complete, the steady-state rate of body cooling could 
be predicted from first principles by a modification of stand- 
ard heat transfer equations (see Bullard and Rapp (2), for a 
review of these as applied to human heat loss in water). 
The rate of cooling would then be 2 RAKT/WS - MIS; 
where K is thermal conductivity of fat (measured as 0.0029 
kcal m 7l min-' °C-1 by Hatfield and Pugh (12); T is the 
temperature difference between body core and water (aver- 
age 16.6° C in the present study); S is body specific heat 
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(measured as 0.83 kcal/kg by Burton, 3); M is metabolic 
rate (average 0.114 kcal kg-1 min-' in the present study). Substitution of these numerical values gives dO/dt = 0.116 RA/W - 0.137. Compared to this, the actual relationship has a shallower slope and a less negative intercept (for R= 
0). The thinner subjects accordingly cooled less rapidly 
than predicted, probably because deep tissues provided 
appreciable insulation to supplement that of skin and sub- 
cutaneous fat. The fattest subjects, however, lost more heat 
than predicted, implying that the insulation of their thick 
layer of subcutaneous fat was bypassed by a substantial 
cutaneous blood flow; the small falls of body temperature in 
these subjects were presumably insufficient to induce a high degree of vasoconstriction. 
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Deep body temperature from aural canal with 
servo-controlled heating to outer ear 
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KEATINGE, W. R., AND R. E. G. SLOAN. Deep body temperature 
from aural canal with servo-controlled heating to outer ear. J. Appl. 
Physiol. 38(5): 919-921.1975. -A portable battery-powered 
device was used to measure temperature in the external aural 
canal by a thermistor while keeping the temperature of the 
outer ear, monitored by a second thermistor, at the same level by 
servo-controlled heating. Aural canal temperature then always 
stabilized within 0.35°C of esophageal in moving air at between 
18 and 45°C. It often did so in colder air, but stabilization 
was slow even after brief exposure to the cold air. Aural tem- 
perature then paralleled esophageal within 0.35°C during rapid 
changes in deep body temperature while rectal temperature 
did not. Without servo-controlled heating, aural temperature 
was seriously depressed in cold air. These conclusions were based 
on 30 experiments on II male and 7 female subjects. 
core temperature; esophageal; man 
MEASUREMENTS of deep body temperature are often needed in cold 
air, in which sublingual temperature is unreliable (5), without 
the lag that rectal probes show in following changes in central 
body temperature (3,9) and without the difficulty and discom- 
fort of esophageal probes. Probes in the external aural canal (6,7) 
or on the tympanic membrane (10) are seriously affected by local 
cooling. Preliminary experiments showed that this was also the 
case with probes on the skin of the sternum, even when the sur- 
rounding skin was heated (4). In warm air, probes on the tym- 
panic membrane (1) or in the aural canal (2) can follow changes 
in central body temperature rapidly. It seemed possible that with 
servo-controlled heating to the outer ear to prevent local cooling 
a simple external aural canal probe might monitor central blood 
temperature reliably even in cold air. A compact device has been 
constructed to measure aural canal temperature and provide 
servo-controlled heating to keep the outer ear at the same tem- 
perature as the aural canal. This paper describes experiments to 
determine how closely the aural probe then followed central body 
temperature during changes in environmental or central blood 
temperature. Esophageal temperature, which closely follows aortic 
blood temperature (3,8), was used as a reference. 
DESCRIPTION OF APPARATUS 
Two thermistor probes are attached to the interior of a plastic 
ear cover that forms part of a modified earphone set. One probe 
is inserted 10 mm into the aural canal and kept in contact with 
the anterior wall by a plug of cotton wool. The other probe 
touches the skin of the outer ear. The cover is lined with a 20-mm 
thickness of plastic foam insulation and lined at the edges with 
rubber to make a seal. The cover contains an electric heating 
mesh fitted under the insulation but separated from the ear by an 
air gap. The other ear cover of the earphone set is left empty 
and partly cut away to enable the subject to hear with that ear. The thermistors are connected to a control box by cable normally 3m long. The control box supplies current to the heater when 
the external thermistor probe registers a lower temperature than 
the aural canal probe. The heat output per minute is proportional 
to the difference in temperature up to a maximum of 6W at a difference of 0.2°C. Aural canal temperature is displayed by a digital panel on the control box to the nearest 0.1 °C. The tem- 
perature of the second (external) thermistor can be displayed in 
the same panel by pressing a switch to confirm that temperature 
of the external ear is being held at that of the aural canal. Power is supplied from the main, or from rechargeable batteries in the 
control box that operate for 4-8 h depending on environmental 
temperature. Flashing of the display warns that the batteries 
are within 30 min of exhaustion. Figure 1 shows the apparatus. 
OTHER METHODS 
Esophageal temperature was measured by a probe inserted 
through a nostril to a depth estimated by external measurement 
to place the sensor behind the middle of the lower one-third of 
the sternum. Rectal temperature was measured by a probe in- 
serted 80 mm, All probes had a 990/0 response time of <30 s 
when initially at 18-22°C and dipped into stirred water at 37°C. 
The subjects were 11 male and 7 female volunteers aged 18-30 
yr. They were studied in a room whose temperature could be kept 
within 0.5°C of the desired temperature, with air speed 1-4 m/s. 
RESULTS 
Effect of low air temperature on aural canal temperature with and without 
servo-controlled external heating. The probe and absorbent cotton 
plug were inserted into the external aural canal without the 
insulated cover or servo-controlled heating device. A thermistor 
probe was placed in the esophagus via the nostril. Figure 2A 
shows that when the subject then sat in air at 21 f 2°C aural 
temperature remained 0.9°C below esophageal even 20 min after 
insertion. When air temperature was lowered to 9t1 °C aural 
temperature fell by 2.3°C although esophageal was virtually 
unchanged. Aural temperature rose when air temperature was 
increased, again with little change in esophageal temperature. 
Figure 2B gives the results of a similar experiment with the in- 
sulated cover in position over the ear but without servo-controlled 
heating. Aural temperature again fell considerably, by 1.3°C, in 
air at 9°C. Figure 2C shows a similar experiment with the servo- 
controlled heating in operation; once aural canal temperature 
had stabilized it remained within 0.3°C of esophageal throughout 
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EAR TEMPERATURE WITH SERVO CONTROL 
geal, and rectal temperature all fell at approximately the same 
rate. After 80 min the legs were placed in warm water, with air temperature still at 13.5°C; aural and esophageal temperatures both fell and then rose rapidly with the changes in aural tempera- 
ture lagging little behind esophageal; in absolute value aural 
remained 0.10-0.35°C above esophageal throughout. By contrast 
rectal temperature lagged greatly and at one point was as much 
as 1.10°C below esophageal. 
Six other experiments, identical except that only aural and 
esophageal temperatures were measured, gave similar results. In air at 21 t 2°C aural temperature (with servo-controlled heating) was 37.3 t 0.10°C and esophageal 37.2 t 0.10°C; 
after body cooling for 80 min aural was 36.8 f 0.19°C and 
esophageal 36.7 t 0.15°C; after immersing the legs in hot water for 50 min aural was 37.6 f 0.13°C and esophageal 37.7 =1=0.100C (means f SE, 7 expt). At no time during body cooling and 
warming did any subject's aural temperature differ from esopha- 
geal by more than 0.35°C. 
Subjects' sensations. Most subjects reported slight discomfort 
when the probe was first placed in the external aural canal and 
packed with absorbent cotton, but this ceased quickly and did 
not return even in experiments lasting more than 2 h. None found the warmth of the heater on the outer ear unpleasant. 
DISCUSSION 
Servo-controlled heating to the outer ear clearly enabled a probe in the external aural canal to measure central blood tem- perature reliably (±0.35°C), with little influence from local temperature, in air as cold as 18°C and often colder, and in moderate wind. The probe then followed changes in central 
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heating device did not operate, was no doubt due to high blood 
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Aural temperature with servo-controlled heating seems par- 
ticularly suitable for prolonged monitoring of central body tem- 
perature in conscious patients and experimental subjects. It has 
the advantage over mouth temperature that it is not affected by 
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pired air to be collected and the subject to talk. It is more 
acceptable to subjects, and more convenient to use, than either 
rectal or esophageal measurement. It follows changes 
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body temperature much more rapidly than rectal and almost as 
rapidly as esophageal temperature. The output could readily be 
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